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ABSTRACT 
Chemical movement is fundamental to production agriculture. Crop roots and 
nutrients must be in contact for optimum crop growth. In the pursuit of this goal. 
nitrogen that is applied in fertilizers often leaches as nitrate prior to crop uptake. Because 
nitrate can have detrimental affects on human health if consumed in drinking water, 
nitrogen management is an important subject in modem agriculture. Nitrogen 
management is a extremely broad and complex subject and fertilizer nitrogen lost by 
leaching represents lost resources as well as a contaminant to water quality. The study of 
soil, water, and nutrient interactions at the time of chemical application should provide a 
means to control nitrate-nitrogen movement in the soil. 
Application method plays a role in the way chemicals move through soil. Studies 
of effluent concentrations draining from structured soil columns suggest that leaching can 
be reduced if chemicals are allowed to penetrate soil aggregates prior to saturation with a 
solute-free infiltrating solution. In a well structured soil, mixing chemicals with a limited 
region of soil and destroying structure in that region ftirther delay the chemicals from 
traveling through the structured soil columns. This suggests that isolating chemicals in 
zones that contain fewer large pores than the bulk soil should reduce chemical leaching 
from surface soils. 
In addition to isolating chemicals in soil that has fewer large pores (as a result of 
mechanical disturbance), chemical application strategies can include placing chemicals 
under a ridge or using a hydraulic barrier above the applied chemical. A ridge can divert 
surface water away from the ridge peak, so the water infiltrates the soil at the ridge valley. 
Chemicals that are directly below the ridge peak will be removed from the water flow 
path. Hydraulic barriers can serve a similar purpose, to slow and reduce the water that 
flows through chemically treated soil. A field scale nitrogen fertilizer applicator was 
designed and constructed (patent pending), to apply nitrogen fertilizer in a knife slit 
which has the base smeared to close macropores, construct a hydraulic barrier over the 
fertilizer, and form a surface dome or ridge. This localized compaction and doming 
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(LCD) applicator was used in research trials to evaluate the properties of soils near 
conventional fertilizer injection bands and soils near LCD injection bands. 
The LCD applicator was evaluated as a way to reduce nitrogen leaching from 
cropland. A study was conducted to monitor soil nitrate concentrations during the 
growing season following nitrate fertilizer appUcation by the LCD and conventional knife 
applicators. During an unusually wet summer. 60% of the applied nitrate was recovered 
in soil samples from the upper 80 cm in plots that received LCD fertilizer application 
compared with 40% recovered in soil samples from plots that received conventional knife 
fertilizer application. Soil nitrate concentrations were generally more diluted and deeper 
in the soil profile in conventional knife plots compared to LCD plots. 
The influence of fertilizer application technique on water quality in tile drains was 
investigated using lysimeters. Chemical application methods included broadcast knife 
injection, and LCD injection. After 10 cm of cumulative drainage, 5% of conventional 
knife-injected chemicals. 3.5% of broadcast chemicals, and 1% of LCD-injected chemicals 
were recovered in tile water. 
The results of these studies indicate that soil properties can be altered during 
fertilizer application to change water flow paths and reduce chemical leaching losses. .A 
machine has been designed and constructed that will disrupt macropores around a fertilizer 
band, construct a compacted soil layer above the fertilizer band, and form a surface dome 
or ridge above the chemical band and compacted soil layer. Use of these techniques to 
alter water flow pathways will result in smaller volumes of water passing through fertilizer 
bands, and thus reduce leaching. 
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CHAPTER 1. GENERAL INTRODUCTION 
Water and nitrogen (N) are the two most widely limiting substances for food, fiber 
and fiiel production aroimd the world. Since ancient times, man has been attempting to 
amend the soil to increase the production of edible and life enhancing plants. 
Amendments clearly enhance production. Irrigation and fertilization, along with improved 
crop genetics and pest control products, are the foundations of the "Green Revolution." 
Increased production has not come without a price, however. Many areas of the world are 
battling salinization or aquifer depletion as a result of irrigation. Pesticide misuse and 
inappropriate disposal have contaminated soils, air, buildings, and water. Excess N use 
has raised the concentration of nitrate (NO3) in surface and groundwater resources in many 
regions that are predominantly agricultural. Clearly, some restraint and calculated 
management are necessary to balance the gains of crop production with the health and 
environmental risks of amending soils for improved crop quality and yield. 
The linkage between agricultural practices and health risks or environmental quality 
is too complex a subject to be covered in one student's work. A small piece of the 
problem can be investigated, and that knowledge can be added to the immense collective 
understanding of humanity. 
Environmentalists in Iowa and other mid-western states in the so called "Com 
Belt," recognize the problem of groundwater contamination by NO3. Numerous Iowa 
studies (Seigley et al., 1993; Southard et al.. 1993; Hallberg, 1987; Johnson and Baker, 
1982 and 1984) and smdies in the Midwestern Region (Kolpin et al., 1991: Hallberg, 
1989) document groundwater and surface water contamination by NO3. The issue of 
water quality is one that has only recently been brought to public attention, and since the 
addition of N fertilizers has started during the 1940s and their use has increased since, the 
public and many researchers alike conclude the obvious cormection between the rise in 
fertilizer N use and surface water NO- (Smith et al.. 1987) or groundwater NO^ 
concentrations (Madison and Bnmett, 1984). This view is under debate at present, and 
some have suggested that NOj in surface waters could have arisen fi:om N mineralization 
due to cultivation practices (Keeney, 1989) and that in the Des Moines River, for example. 
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NOj levels have not risen during the last 50 years due to fertilizer N use alone (Keeney 
and DeLuca, 1993). 
Assuming that fertilizer N does play a role in the N reserves in agricultural lands, 
many researchers have attempted to alter N losses to groundwater and surface waters. 
Though many N-containing compounds are applied to the land as fertilizers, all can be 
converted, through complex microbial reactions, to NO3. Some research efforts have 
focused on chemical and microbiological ways to slow nitrification (see Rodgers. 1986) to 
try to retain adsorbed or non-soluble N forms in the soil. Other research has focused on 
timing and placement of N fertilizer to try to put N in the ground only when and where 
the plants can take it up. These methods could be categorized as agronomic controls, 
because the methods try to optimize the time window such that N becomes available at the 
same time the crop is ready to take up the nutrient. 
An alternative approach to reducing NO3 leaching is to change the hydraulics of 
the soil and chemical system to reduce water flow in soil zones that contain chemicals. 
Several methods have been employed to change the orientation and physical condition of 
the surface soils to alter water flow paths. E^dge tillage, a management practice 
developed to influence water and heat storage in row crops, was previously investigated as 
a means to also reduce NO, leaching. Clay et al. (1992), Hamlett et al. (1990). and 
Kemper et al. (1975) demonstrated that fertilizer injected into an elevated ridge was less 
susceptible to leaching compared with fertilizers injected into furrows between ridges or 
flat tillage. 
Soil compaction significantly influences infiltration and soil water flow. Hira and 
Singh (1979) showed the effect of compacted soil on solute leaching, and Baker et al. 
(1997), BCiuchi et al. (1996), and Kiuchi et al. (1994) have shown that zonal compaction 
of soil could be used to reduce the leaching of injected chemicals. 
Finally, tillage disrupts macropores such as root and earthworm chaimels or 
desiccation cracks that are near the surface. These macropores provide pathways that can 
rapidly transport water and possibly solutes deep into soils in short amounts of time. 
Surface tillage changes the macropore continuity of a fraction of the root zone, and can 
have a dramatic effect on chemical leaching. Reduced leaching has been attributed to 
J 
macropore destruction in conventional tillage vs. no-tillage studies in studies where solutes 
were applied to the soil surface (Kanwar et al.. 1988; Kanwar et al., 1985: Tyler and 
Thomas, 1977). A deeply placed injection knife can expose macropores beneath a tilled 
soil, and inject N into soils undisturbed by tillage, which may have macropores remaining 
intact. Thus, even though tillage is used at the soil surface, knife injected chemicals may 
quickly reach the macropore network. Logsdon (1995) reported an artificial buried 
macropore remained unsaturated during ponded infiltration, but served as a preferential 
flow path for water and solute transport through the soil column. 
The objective of this work is to demonstrate that the physical condition of a 
localized soil zone can be modified when fertilizers are injected, and these modifications 
will alter the movement of water through the soil, and thus reduce the movement of 
chemicals within the soil. 
Dissertation Organization 
This dissertation is organized into four technical articles, which will be submitted 
to or have been accepted for publication in professional journals. The first article 
(Chapter 2) describes a study where a portion of the soil's surface area was treated with a 
salt solution and compacted. The smdy was conducted by Gerard BCluitenberg, and a 
subset of the results was published (Kluitenberg and Horton. 1990). A previously 
unpublished data set was analyzed, and additional interpretations are presented in this 
work. The breakthrough of solutes in the experiments suggested that locally managed 
chemical zones would be effective at reducing leaching. This article has been submitted 
to Soil Science. The concept of zonal management was extended to a fertilizer applicator 
commonly used in Iowa, the knife injector. .A prototype machine was constructed that 
injected fertilizer, smeared macropores below the injected chemicals, compacted soil over 
the fertilizer band, and covered the band with a surface dome (LCD). The success of the 
design was evaluated by meastuing the physical properties of soil surrounding a 
conventional knife injected fertilizer band, and an LCD band. The results of these tests 
are the basis of the second article (Chapter 3), which was published in Applied 
Engineering in Agriculture, 13(3):345-350, dated 1997. Evaluation of the prototype 
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design and a field scale fertilizer injector (patents pending) continued by assessing solute 
movement through soil in a com field from the time of fertilizer injection until the time of 
grain harvest, and also by measuring com yield response to N fertilizer injected either by 
the conventional knife injector or the LCD injector (Chapter 4). Chapter 4 has been 
submitted to Agronomy Journal for review. The final article (Chapter 5) reports on a 
lysimeter study that evaluated the leaching of a class of benzoate tracers through soils, 
where different tracers were applied by a conventional knife injector, an LCD injector, or 
broadcast on the surface of the soil. This article has been submitted to the Journal of 
Environmental Quality. Some recommendations for additional research are included in the 
General Conclusions chapter. 
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CHAPTER 2. LABORATORY STUDY OF ZONAL MANAGEMENT 
EFFECTS ON PREFERENTLO- SOLUTE MOVEMENT IN SOIL' 
A paper submitted to Soil Science 
D.E. Ressler, R. Horton*. and G.J. Kluitenberg^ 
ABSTRACT 
Water quality in agricultural areas is often influenced by chemicals used in crop 
production. Application methods of agricultural chemicals can affect how these solutes 
move through the soil profile. Zonal management of soil around the applied solute can 
alter how quickly these solutes can be mixed with infiltrating water, thus providing an 
opportunity to restrict solute movement Undisturbed soil colunms were subjected to 
solute (chloride, CI") application using three strategies: 1) pulse application of the solute: 
2) unsaturated solute infiltration; and 3) a zonal management technique, where a small 
zone (volume) of soil was disturbed and mixed with solute before leaching. These soil 
columns were then leached under pulse conditions, and the column effluent was analyzed 
for Cr. Immediate solute breakthrough suggested some soil columns were susceptible to 
preferential solute leaching, and the solute application treatments were evaluated by their 
ability to reduce effluent concentrations during the first 2.5 cm of cumulative drainage. 
The solute breakthrough patterns were influenced by both solute application method and 
macroporosity. These results suggested that compared with broadcast applications, solutes 
restricted to soil management zones had slower transport through soil that overall had an 
abundance of macropores. 
' Journal Paper No. J-17119 of the Iowa Agriculture and Home Economics Experiment 
Station, Ames, Iowa. Project No. 3262. supported by the Hatch Act and State of Iowa 
flmds. 
• Dep. of Agronomy, Iowa State Univ.. Ames. lA 50011-1010. Dr. Horton is 
corresponding author. E-mail: rhorton@iastate.edu 
^ Dep. of Agronomy, Kansas State Univ.. Manhattan, KS 
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INTRODUCTION 
The use of agricultural chemicals is widespread in modem agriculture. Recent 
reports detail the extent to which drinking water supplies have been affected by nitrate 
(NO3). A study of drinking water quality in the Midwestern United States showed 6% of 
599 water samples from 303 shallow wells contained higher NOj concentrations than the 
U.S. Environmental Protection Agency (USEPA) maximnm contaminant level (MCL) of 
10.0 mg/L. Fully 29% contained concentrations above 3.0 mg/L. which is considered to 
be "excess" NO3 (Kolpin et al.. 1991). In an Iowa study of municipal wells. 6% of the 
samples from 89 wells contained greater than the USEPA MCL. and 28% exceeded the 
"excess" range (Southard et al., 1993). Also, in Audubon County, Iowa. 26% of 231 
private drinking water supplies exceeded the USEPA MCL (Seigley et al.. 1993). 
Nitrate-N concentrations above 3.0 mg/L are beheved to be related to human activities, 
and in agricultural areas such as Iowa, fertilizer nitrogen (N) is a key contributor (Madison 
and Brunett, 1984). To protect these water supplies from additional contamination, the 
pathways of these chemicals need to be understood, and technologies to control these 
pathways must be developed. 
Water and solute transport through field soils can rarely be described by models 
that assume a homogeneous soil, because field soils often contain macropores. or 
preferential flow pathways, which for certain conditions, allow a majority of water and 
solutes to move through a minority of the soil-pore system (Thomas and Phillips. 1979; 
Beven and Germann, 1982). Undisturbed soil samples used in the laboratory for solute 
transport experiments also exhibit preferential flow through macropores (Kissel et al.. 
1973; Anderson and Bouma, I977a,b; Kanchanasut et al.. 1978; Kluitenberg and Horton. 
1990). In field studies, these macropores provide conduits for agricultural chemicals to 
move quickly through the soil and contaminate groundwater or tile flow (Richard and 
Steenhuis, 1988; Rice et al., 1988; Everts and Kanwar, 1990). The amount of chemical 
mass lost soon after simulated rain or irrigation can be significant (Everts et al., 1989; 
Starr and Glotfelty, 1990) 
Kydrodynamic dispersion is the major process that describes the spreading of the 
solute front as an invading solution passes through soil. In studies using homogeneous 
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soil samples, the average pore water velocity is typically low because all of the pores are 
involved in the passing of the solute, and low hydrodynamic dispersion coefficients are 
reported. When soils containing macropores are used in soil columns, most of the flow^ is 
in a few pores, resulting in a large pore water velocity and a large hydrodynamic 
dispersion coefficient. It has been documented in several studies that, when soil is grotmd 
and repacked into soil columns, the hydrodynamic dispersion is reduced (Elrick and 
French, 1966; McMahon and Thomas, 1974). Any technology that can reduce the average 
pore water velocity and thus the hydrodynamic dispersion should be effective at reducing 
preferential leaching in structured soils or soils which exhibit preferential flow. 
Tillage often causes the mechanical destruction of macropores. However, for 
obvious reasons, it is impractical to till an entire soil profile to the groundwater or 
subsurface drainage tile depths in order to remove macropores. Nonetheless, conventional 
tillage practices disturb the upper 10 to 20 cm of soil, and this disturbance often results in 
reduced leaching of surface applied chemicals when compared with no-till management 
systems (Tyler and Thomas. 1977; Kanwar et al.. 1985; Kanwar et al.. 1988; Singh and 
BCanwar, 1991). Indeed, the depth of disturbance need not be deep; .Anderson and Bouma 
(1977b) reduced leaching by applying a 0.5 cm layer of gypsum and sand to the surface of 
the soil to prevent the infiltrating liquid from flowing rapidly through the macropores. 
This crust closed the surface pores to moderate infiltration. The result was unsaturated 
flow, where deeper macropores remained unfilled and thus did not conduct water. 
There are many reasons preventing the widespread use of tillage to reduce solute 
movement, including reduced infiltration, increased soil loss, the stage of crop growth, and 
the removal of surface cover. Field-wide use of tillage is not necessary, however, because 
more and more agricultural chemicals are being applied to soil in a localized zone. 
Chemicals that can be banded or point injected include anhydrous ammonia, fertilizer 
solutions (Bimdy et al., 1992; Baker et al.. 1989), and herbicides (Eadie et al., 1992). 
Applying chemicals to just a portion of a field divides the field into multiple management 
zones. These zones can be managed differently, according to the presence or absence of 
solutes and/or plants. 
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Past efforts to reduce nitrogen leaching have included adjustments in fertilizer 
timing, placement, or the nutrient carrier, in an attempt to utilize nutrients before they 
move through and out of the root zone. These practices, however, do not address the 
rapid movement of chemicals through macropores during leaching events that occur soon 
after chemical application. Zonal soil management represents a fiindamental change from 
earlier efforts to reduce leaching losses because zonal management shifts the emphasis 
from timing and placement to actually changing the way water percolates through 
chemically enriched soil. Additionally, zonal management of soil allows for the 
combination of various strategies for preserving macropores to aid infiltration in solute 
free zones, and macropore destruction to limit preferential flow through solute placement 
zones. 
Soils with different levels of macroporosity exist in the environment, and 
macroporosity is often related to wheel traffic and crop root position (Prieksat et al.. 
1994). The success of zonal management will depend on discovering ways to produce 
multiple regions within the root zone that have substantially different physical properties. 
From a water-flow and solute leaching perspective, the most obvious starting point is the 
soil pore size distribution, especially macroporosity. Zonal alteration of soil pore structtire 
may have beneficial consequences in regards to solute movement. Three undisturbed soil 
columns containing different levels of macroporosity were described in Kluitenberg and 
Horton (1990). They discussed the effects of the different levels of macroporosity in the 
soil columns as well as non-zonal management solute application procedures on the 
transport of salt solutions through the soil columns. This smdy will extend the earher 
work of Klluitenberg and Horton (1990) by reporting the effects of a zonal management 
treatment on chemical transport through soil columns. To evaluate the effect of zonal 
management on solute movement, experiments were conducted on the soil columns 
described by Kluitenberg and Horton (1990). Three solute/soil management alternatives 
were considered: 1) pulse application of solute to undisturbed soils, 2) drip application of 
solute to undisturbed soUs, and 3) zonal management of macropores around soil treated 
with the solute. The pulse and drip application treatments were discussed in Kluitenberg 
and Horton (1990), but the zonal management treatment has not been previously reported. 
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After the solutes were applied, all columns were leached by a tracer free solution. The 
preferential solute transport characteristics of each management system on soils with 
different levels of macroporosity will be compared and evaluated to predict whether the 
use of zonal management wUl have merit in reducing preferential solute leaching in 
agricultural soils. 
MATERIALS AND METHODS 
The pulse and drip solute application treatments have been reported in Kluitenberg 
and Horton (1990). For convenience and clarity, pertinent experimental details for all the 
application treatments are restated here. 
Several undisturbed columns of soil were obtained from the surface horizons of a 
glacial-till-derived soil in a Nicollet map unit (fine-loamy, mixed mesic Aquic Hapludoll). 
The samples were collected from a field that had been in continuous com production for 
the previous seven years with a consistent tillage practice of fall moldboard plowing. In 
the laboratory, the columns were trimmed to the desired dimensions (Table 1). water 
content of excess soil was determined gravimetrically, and the sides were coated with a 
thin layer of paraffin wax. Each column was placed in a steel cylinder, and the annular 
space was filled with molten wax. The upper surface of each soil column represented the 
actual field surface, with the exception that litter and loose soil were removed to provide a 
level surface. Saturation of the columns was attempted by incrementally submerging the 
colxmms in a 680 mg/L CaSOj-IH^O solution over a 12-h period. Complete saturation 
was not achieved in this procedure (Table 1), but for ease of discussion, the columns will 
be referred to as saturated after having been submerged for a 12-h period. The water 
content in this saturated condition was determined by the weight change from the field-
moist condition, will be referred to as the saturated water content. 0;. 
Three soil columns were selected according to the levels of macroporosity by 
evaluating drainable porosity, saturated hydraulic conductivity (Kj^J, saturated solute 
breakthrough experiments, and dye tracing by BCluitenberg and Horton (1990), and the 
reader is referred to that article for details of the characterization. The column with the 
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Table 1. Dimensions and physical properties of the three soil columns used. Mean 
particle density was 2.59 g/cm". 
Column ABC 
(cm/hr) 58 28 12 
Diameter (cm) 18 18 18 
Length (cm) J 3  J J 35 
Bulk Density (g/cm") 1.32 1.29 1.32 
Total Porosity 0.49 0.50 0.49 
05 (cm7cmO 0.43 0.45 0.42 
Drained Porosity (%)' 7.9 5.8 3.1 
6j (cm^'/cm") 0.39 0.42 0.40 
Pore Volume (cm'')" 3611 3779 3741 
'Percentage of total porosity that drained under the influence of gravity. 
'Water filled pore volume. 
greatest macroporosity was designated "Column A." and the column with the least 
macroporosity was designated "Column C." 
Three transport experiments were then conducted with each of the three soil 
columns. In each experiment the initial moisture condition was a gravity-drained profile. 
Before the start of a given experiment, a column was saturated with 680 mg/L 
CaS04*2H20 solution then allowed to drain for a 12-h period with the lower boundary 
open to the atmosphere. The volume of solution drained from each column was recorded 
and used to calculate the drained porosity (fraction of total porosity that drained) and the 
initial soil water content, % 
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Pulse Application Experiment 
In the pulse application experiments, a solution containing 0.35 g CI" was applied 
at the soil stirface as a pulse; i.e.. 200 ml of 1773 mg/L CI" (CaCU-lH^O) solution was 
ponded on the soil surface (equivalent to a depth of 8 mm) to initiate the experiment. 
Chloride was used as a tracer instead of the nitrate, which can undergo transformations, 
because the two anions move similarly through soils (Shuford et al.. 1977). Once this 
solution had infiltrated completely, 680 mg/L CaSO^-lH^O solution was immediately 
ponded on the soil surface by using a constant head device. Ponding initiated a rapid 
water content increase fi-om 0j, the initial gravity-drained condition, to a nearly saturated 
condition. As in the steady-fluid flow miscible displacement experiments, effluent exiting 
the column was collected in firactions for the determination of CI" concentration. At the 
completion of the pulse application experiment, CI" remaining in the columns was 
removed by leaching with CaS04*2H20 solution, and the columns were again saturated 
with CaS04*2H20 solution and drained. 
Drip Application Experiment 
In the drip application experiments. 40 ml of a more concentrated solution (8863 
mg/L Cr, or 18.380 mg/L CaCl2*2H20) was dripped onto the soil surface with a pipet so 
that 0.35 g cr was applied. The solution was dispensed uniformly over the soil surface 
during a period of 6-8 min, and at no time did ponding occur. The smallest volume of 
liquid that drained in response to gravity (Column C, Table I) was 135 ml. so the addition 
of 40 ml of solution would not cause immediate drainage at the lower boundary. Fifteen 
minutes after the initiation of the solution application, CaS04*2H;0 solution was ponded 
on the soil surface precisely as it was in the pulse application experiment (8 mm head). 
Again, effluent was collected in fi-actions, and CI' concentration was determined. At the 
completion of the drip application experiment, CI" remaining in the columns was removed 
by leaching with CaS04*2H20 solution, and the columns were again saturated with 
CaS04*2H20 solution and drained. 
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Zonal Management Experiment 
In the zonal management experiments, a 5.2 cm diameter soil core sample was 
removed from the surface of each soil column. The small soil core sample was centered 
on the axis of the soil column and removed by pushing a thin wall metal cylinder into the 
soil to a specified depth. The soil removed was dried and weighed to determine the 
density of the surface soil. Dimensions and physical properties of the removed cores are 
given in Table 2. Previously air-dried and ground soil was mixed with 8863 mg/L CI" 
solution on a mass basis to yield a "fill" soil with known water content and CI" 
concentration. A known quantity of fill was packed into the excavated holes by 
incrementally adding small soil quantities followed by gentle packing with the end of a 
dowel. All materials returned to the soil column were quantified so that bulk density 
could be determined. The gravimetric water content of the fill material (0^) had to be 
adjusted to values lower than the column water contents so that the material could be 
handled and packed without smearing. The total CI" mass applied to each soil column was 
dependent on the amounts of fill material that could be replaced into the hole. Although 
the pulse and drip experiments had equal CI" mass (0.35 g), the final CI' mass obtained in 
the zonal management experiments was variable (see Table 2). After the fill material was 
in place, CaS04*2H30 solution was ponded on the soil surface precisely as it was in the 
pulse application and drip application. Again, effluent was collected in fractions, and CI" 
concentration was determined. 
RESULTS AND DISCUSSION 
The physical properties of each column are shown in Table 1. fCluitenberg and 
Horton (1990) ranked the columns. A through C. based on the apparent levels of 
macroporosity based on measurements of drainable porosity, saturated hydraulic 
conductivity, saturated solute breakthrough experiments, and dye tracing. 
Pulse Application Experiment 
The pulse application method consisted of positive head infiltration of a solute into 
an initially drained soil column, followed by infiltration of ponded, solute free water. 
15 
Table 2. Experimental details for the zonal management experiments. 
Colximn B 
Soil Core Sample Removed 
Length (cm) 5.5 6.0 6.0 
Diameter (cm) 5.2 5.2 5.2 
Volume (cm"") 116.8 127.4 127.4 
e, 0.29 0.35 0.34 
Bulk Density (g/cm^)' 1.10 1.09 1.27 
Fill Material Added 
Dry Soil Added (g) 154.0 177.7 180.1 
0.22 0.22 0.23 
Bulk Density (g/cm^)' 1.08 1.14 1.15 
Total Chloride Applied (g. as CI ) 0.231 0.266 0.270 
'This bulk density- is for the core removed or replaced at the soil surface, and may be 
different from the overall bulk densitv listed in Table 1. 
Effluent concentrations for the pulse application experiments with all three columns are 
shown in Fig. 1. Column A exhibited rapid breakthrough of the CI" tracer, with the 
column effluent reaching 0.97 relative concentration (1773 mg/L) immediately after 
chemical application. Applied CI" solution entered drained macropores and was 
preferentially leached through the soil column by the Cl'-free. infiltrating water with very 
little dilution or mixing. Nearly a third of the CI' mass applied to the surface of Column 
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A was recovered in the column effluent after cumulative drainage of only 2 cm (Fig. 2a). 
Clearly more pore water mixing was occurring in Column B than Column A (Fig. 
lb). Effluent CI" concentration reached a maximum immediately following surface 
application just as seen in Column A, but the maximum concentration in Column B was a 
factor of four lower than the maximum observed for Column .A. This behavior suggested 
that macropore bypass flow was evident in Column B. but there was greater opportunity 
for solute and pore water mixing than in Column A. Despite Colunm B's reduced effluent 
concentrations compared with Column A's effluent concentration at the start of the 
experiment one third of the CI" mass appUed to the surface of Column B was recovered in 
the effluent after 2.5 cm cumulative drainage (Fig. 2b). 
Unlike the immediate CI' peak in the effluent of columns A and B. the CI" peak 
was not detected in the effluent of Column C until approximately 2 cm of cumulative 
drainage (Fig. Ic). The fraction of CI" that leached from Column C was less than 0.15 
after 2.5 cm cumulative drainage compared with greater than 0.3 for Columns A and B for 
the equivalent drainage. In Column C, the macropores were less able to freely conduct 
water through the soil compared with Columns A and B. There was greater pore water 
mixing in Column C, delaying the CI" breakthrough relative to the other columns. Thus, 
preferential solute transport was not apparent in Column C. 
Drip Application Experiment 
The drip application experiment consisted of CI" solution being applied uniformly 
to the soil sxirface. without ponding. The solution was allowed to soak into the soil matrix 
before being followed by ponding of the Cl'-free solution. The breakthrough curves for 
the drip application experiments wdth all three columns (Fig. 1) exhibit much less 
preferential solute leaching compared with the pulse application experiment. Note that the 
drip apphcation treatment received a more concentrated CI' solution, but the total mass 
was equal to the pulse application treatment (0.35 g CI'). Relative concentrations shown 
in Fig. I were based on the pulse application treatment input solution concentration (1773 
mg/L). 
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The influence of macropores on solute transport was very reduced for the drip 
application method as compared with the pulse apphcation. Although macropores were 
conducting the solute-free, ponded water through the soil columns, the rapidly moving 
water was not in significant contact with the drip applied solutes and was able to pass 
through the column with only small increases in solute concentration (Fig.l ). Instead of 
immediate CI" detection as in the pulse application effluent, the drip application effluent 
concentrations remained relatively small regardless of the level of macroporosity. The 
mass fraction recovered from the drip application treatment was less than 0.10 for 
Colunans A, B, and C after 2.5 cm cumulative drainage (Fig. 2). This suggests that 
bypass flow of water occurred through the soil, but less solute displacement occurred in 
the drip application treatment compared with the pulse application treatment. Thus, when 
a solute was applied in such a way as to prevent its introduction into macropores. the 
solute was less subject to preferential transport. 
Zlonal Management Experiment 
In the zonal management experiment, the solute was localized into a small volume 
of soil free of macropores. As Table 2 indicates, the mass of CI" applied at the surface 
varied among the soil columns. To obtain a suitable presentation of the concentration 
data, the zonal management concentrations were scaled according to the CI' mass applied 
at the beginning of the experiments. Thus, the differences in mass at the time of 
application will not skew the interpretation of the effluent concentrations. Relative 
concentration was based on the pulse application input solution concentration. 
Column A effluent CI' concentration remained at very low values during the first 
2.5 cm of cumulative drainage (Fig. 1). This suggested that in soils where preferential 
solute transport was significant under the pulse treatment, zonal solute application and 
macropore destruction greatiy reduced effluent concentrations (Fig. la) and greatiy 
reduced the mass fraction leached (Fig. 2a). The zonal management treatment also had 
lower concentrations than the drip application treatment, but both these treatments showed 
greatiy reduced preferential solute transport compared wdth the pulse application treatment. 
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Column B had fewer macropores than Column A, so reworking the fill soil 
probably disrupted fewer macropores in Column B than the disruption achieved in Column 
A. The effluent concentration data (Fig. 1) showed that the zonal management and the 
drip application behaved similarly for the first 2.5 cm of cumulative drainage. This 
suggests that the zonal management and drip application treatments were equally 
successful at limiting the interaction between solutes and macropore flow, and both 
treatments reduced preferential solute leaching compared with the pulse application 
treatment. 
Colunm C had the fewest macropores and preferential transport of a pulse applied 
solute was not apparent (Fig. Ic). The zonal management application treatment had 
similar concentration compared with the pulse application treatment and greater 
concentrations compared with the drip application treatment. In a soil column that did not 
exhibit preferential solute transport, these data are not unexpected because of the 
experimental procedures used to apply the solutes. The pulse and drip application 
treatments vvere applied to the soil surface, whereas the zonal management treatment 
resulted in some solute being placed six cm below the soil surface. Earlier detection in 
the effluent was to be expected because the effective flow path was shortened. 
Three observations can be drawn from these data. 
1) The pulse application of solutes to soils with macropores resulted in rapid leaching as 
bypass flow that carried solutes through large, intercoimected macropores. 
2) The drip application of solutes to soil columns with many or few macropores decreased 
preferential solute leaching. This treatment was not as effective as zonal management in 
the soil column with the most macropores, but it was more effective than zonal 
management in a soil column with few macropores. 
3) The destruction of surface macropores in the solute application zone provided reduced 
preferential solute transport in soil columns where preferential solute transport was 
observed. 
Although the experimental design was simple in this study, the information 
obtained is relevant because farmers have many choices in how chemicals are applied to 
their fields. Use of repeated solute breakthrough smdies on each soil colimm provides an 
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opportunity for treatment comparison. Short gravity- drained soil columns do not 
represent field conditions during much of the growing season, but there are times in Iowa, 
e.g., during a freeze-thaw cycle or during heavy rains, when a water table rises to less 
than one m from the soil surface and the soil becomes nearly saturated. Saturated soil 
conditions are most likely to occur in the spring of the year, concurrent with the time 
many farmers are applying nutrients for the coming growing season. At times when there 
is a high risk of soil saturation, with some knowledge about the extent of macropores for a 
given soil, a chemical application method can be selected that will reduce the likelihood of 
preferential solute transport. Clearly, ponded application of an agricultural chemical onto 
nearly saturated soils with macropores results in rapid movement of that chemical through 
the soil profile. Solutions most likely to be applied that may infiltrate in a ponded manner 
are those added to irrigation water such as nitrogen or a variety of nutrients or byproducts 
found in waste slurries that may be applied through spray irrigation equipment. 
In soils with few macropores. application of solutes in a manner that solutes are 
absorbed by the nearly saturated soil matrix will result in the least preferential leaching. 
This solute absorption is typical of broadcast application of agricultural chemicals. 
Although this application method reduced preferential solute transport in these 
experiments, environmental problems such as volatilization of ammonium compounds or 
surface runoff of pesticides sometimes make this application method unsuitable. 
Many tleld soils have an abundance of macropores. These macropores provide 
pathways for rapid chemical movement. However, when chemicals are applied to nearly 
saturated soils so they absorb into the soil matrix or in small zonal regions, preferential 
solute movement can be reduced. Management of the application zones by disrupting 
macropores provides a means to limit chemical movement. Soil disturbance at the time of 
chemical application can remove the local macropores, while maintaining the overall 
waterflow properties of the surface. Solutes that are isolated from the macropore network 
will then be much less susceptible to leaching than solutes distributed across the soil 
surface. This study demonstrated that the effectiveness of zonal management to reduce 
preferential solute leaching was dependant on the management of the application zone. 
Solute leaching was accelerated compared with the pulse and drip treatments when the 
applicatioa zone acted as a preferential flow path. Anhydrous ammonia fertilizer injection 
bands are a typical fertilizer application method that is amenable to the ideas of zonal 
management but often these injection slots also serve as preferential water flow paths 
(Ressler et al.. 1997, Chapter 3. this volume; Clay et al., 1994). Careful management of 
the application zone is needed to reduce the risk of preferential solute leaching. The 
development of zonal management techniques will require field techniques that isolate 
concentrated bands of chemicals fi-om existing and imposed preferential flow paths. Soil 
and fertilizer mixing, knife slit closing, and soil pressing should all help to disrupt 
macropores and prevent the appUcation zone fi-om preferentially conducting water. It is 
believed that simple field zonal management techniques can be developed, and that their 
implementation may significantly reduce fertUizer-nitrogen leaching firom cropland. 
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CHAPTER 3. TESTING A NITROGEN FERTILIZER APPLICATOR 
DESIGNED TO REDUCE LEACHING LOSSES 
A paper published in Applied Engineering in Agriculture' 
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ABSTRACT 
Conventional practices for nitrogen fertilization of com produce soil conditions that 
are conducive to preferential water flow and nitrate leaching. A new fertilizer applicator 
is proposed that will more effectively protect the fertilizer from infiltrating water and thus 
reduce the potential for leaching. The device forms a small compacted layer of soil above 
the subsurface fertilizer band and then mounds soil into a surface dome directly above the 
fertilizer band. This new localized compaction and doming (LCD) method is evaluated by 
measuring soil physical properties around the fertilizer band and comparing them with 
measurements made within the conventional knifing system. The LCD appUcator 
increased penetration resistance from 0.50 to 0.75 MPa at the fertilizer band. As the knife 
slit above the fertilizer band was closed by the LCD applicator, soil bulk density was 
increased from 1.2 to 1.4 g/cm" in the region. The ponded infiltration rate through the 
' Article has been reviewed and approved for publication by the Soil & Water Div. of 
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50011; e-mail <rhorton@iastate.edu> 
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fertilizer band was reduced from 19.7 cm/h at the conventional knife slit to 10.1 cm/h at 
the LCD surface. Reduced water flow through the fertilizer band will result in reduced 
NOj-N movement. Nitrate movement was measured during a growing season in a com 
field, and NO3-N applied by the LCD applicator moved approximately 60% as deep as 
NO3-N applied by a conventional knife applicator. The ability to restrict NO3-N 
movement by modifying the surface soil at N application represents a simple yet effective 
strategy to reduce NO3-N leaching losses and possible impacts on ground water quality. 
KEYWORDS: Soil compaction, nitrogen application, soil injection, nitrate leaching, 
water flow. 
INTRODUCTION 
Subsurface fertilizer banding by using a conventional knife applicator is one of the 
most common methods for nitrogen (N) fertilization of com in the North Central Region 
of the USA. A knife is pulled through the soil to open a fiirrow into which a fertilizer 
can be injected. Anhydrous ammonia (NH3) is the most widely used N-source in this type 
of application. Knifing incorporates the N fertilizer so that volatilization losses of NH3 
can be limited. However. N fertilizer losses by nitrate-nitrogen (NO3-N) leaching from 
the root zone are as troubling as losses to volatilization, because of the enviromnental and 
health risks associated with nitrate contamination of ground water. A rural ground water 
quality smdy of 599 water samples from 303 shallow wells in the Midwestem Region of 
the USA showed that 6% of the samples had greater concentration of NO3-N than the US 
Environmental Protection Agency Maximum Contaminant Level of 10 mg/L NO3-N, and 
29% had in excess of 3.0 mg/L (Kolpin et al., 1991). Detections of NO3-N in rural 
drinking water wells suggest that conventional fertilizer application practices should be 
evaluated and perhaps adapted to prevent agricultural nitrogen from affecting water 
quality. 
Conventional knifing techniques leave a porous slit above the injected fertilizer. 
This knife slit creates a soil zone more favorable to water movement than the surrounding 
soils. Thus, two soil zones are created: 1) undisturbed soil with small N fertilizer 
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concentration; and 2) loose, porous, and disturbed soil with large N fertilizer 
concentration. The physical properties of these two zones are very different, and the 
normal practice is to leave them in this state. However, additional management of the soil 
can reduce water movement through the fertilizer band and the probability of N movement 
from the fertilized zone. 
Several strategies have been investigated that manage the fertilized soil zone to 
reduce leaching losses. Conventional tillage after chemical application, which mixes the 
fertilized soil and reduces macropore continuity, delays chemical breakthrough deeper in 
the soil compared with no-till systems (Tyler and Thomas. 1977; Kanwar et al.. 1985; and 
Kanwar et al., 1988). The presence of numerous macropores allows rapid flow of water 
deep into the soil (Thomas and Phillips, 1979). If that rapidly moving water contacts 
NO3-N fertilizer, then the chemical is moved rapidly as well. Thus, soil mixing and 
macropore disruption will reduce chemical leaching. Secondly, regions that are 
susceptible to water infiltration can be avoided during chemical application. Studies of 
solute movement under ridge-tillage management indicate that solutes are less susceptible 
to leaching if they are placed under the ridge peak instead of in the ridge valley (Clay et 
al., 1992). Chemicals placed in the ridge peak are also less mobile than chemicals 
injected into flat tillage (Hamlett et al.. 1990). Finally, the presence of a compacted layer 
near the fertilized zone slows the flow of water (Babu, 1979; Douglas and McKyes. 1978; 
Laliberte and Brooks. 1967). and chemical leaching (Hira and Singh, 1979; and Kiuchi et 
al., 1996) by altering the water flow path around the barrier. Macropore disruption, a 
compacted soil layer above the N fertilizer, and a surface dome over the N fertilizer band 
are strategies that can be used to slow the movement of solutes. 
A prototype fertilizer applicator has been built to disrupt macropores. create a 
localized compacted layer, and form a surface dome. The criteria for the prototype 
applicator (localized compaction and doming, LCD) include the following: 
1) remove the macropore flow pathways immediately below the fertilizer band; 
2) close the knife slit that forms during conventional application techniques; 
3) form a compacted soil layer above the fertilizer band to impede the flow of 
infiltrating surface water and divert the water away from the fertilizer band; 
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and 
4) form a dome over die fertilizer band to direct any surface runoff away from 
the band so that the water infiltrates the soil away from the fertilizer band. 
The goals of this paper are to describe the LCD applicator and to evaluate its 
ability to alter soil physical properties that influence leaching and to reduce NO3-N 
movement following natural rainfall in an Iowa com field. 
DEVELOPMENT AND CONSTRUCTION OF LCD 
The LCD applicator consists of three components that work together to achieve the 
design criteria: a modified anhydrous NH^ knife, a cone disk guide wheel, and an 
anhydrous NH3 cover disk. 
A conventional anhydrous NH3 injection knife slices the soil vertically, creating a 
slit. Vertical macropores. which allow preferential movement of chemicals through the 
soil, may be exposed at the base of this slit. These macropores can be closed and sealed 
by smearing the soil horizontally at the base of the knife. This is achieved with a beveled, 
triangular shoe (fig. 1) attached to the bottom of the anhydrous NH3 knife (part no. 
050703B. .A.g Chem Equipment Co. Inc., Jackson. Minn.). 
i 
Figure 1- Modified knife to disrupt and smear macropores. 
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Figure 2- Cone disk guide wheel to press soil above the fertilizer band and form the 
compacted layer. 
A cone disk guide wheel (John Deere part no. Bo7450BC Killefer Works) follows 
the modified knife to close the slit that remains after the fertilizer is injected and to 
compact the soil. The desired effect is the formation of a compacted layer of soil, with 
either a wedge or oval shape, to redirect infiltrating water around the fertilizer band 
instead of through it. Wheels with concave surfaces (i.e.. a planter press wheel) were 
considered in the testing but tended to become clogged with soil; thus they were 
unsatisfactory at forming the compacted layer. Cone shaped wheels (fig. 2. 50.8 cm 
diameter, 9 cm concavity), such as a cone disk guide wheel used to form ridges in ridge-
till systems, are positioned to press a band of soil approximately 10 cm wide onto the 
knife slit to a depth of approximately 5 cm. This forms the desired compacted wedge. 
The soil modification is completed with the construction of a surface dome to 
cover the compacted layer and the fertilizer band. This is achieved using a 35.5 cm 
diameter, 3.8 cm concave anhydrous NHj covering disk (fig. 3, Heartland Agri Supply, 
part no. 44501091, Ames, Iowa) set at an angle to gather soil firom beside the fertilizer 
band and mound it over the band. The normal arm associated with this disk (Heartland 
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Figure 3- Disk to cover the fertilizer band with a dome. 
Agri Supply, part no. 44509038) was cut so the a.xle and associated bearings could be 
welded to a straight shank (3.2 cm diameter). The modified knife, cone disk guide wheel, 
and covering disk were mounted on a custom-built double tool-bar to achieve the 
arrangement shown in figure 4. The knife is fastened to the leading bar. and the cone 
disk guide wheel and the covering disk are mounted on a perpendicular, cylindrical beam 
attached to the rear bar by a parallel linkage. The components of the LCD apphcator are 
attached using fully adjustable arms so the position, depth, and alignment of the 
compacted layer and dome can be controlled. 
PERFORMANCE 
The LCD applicator was field tested along with a conventional knife applicator to 
compare the physical properties of the soils surrounding the fertilizer bands created by 
each method. Soil physical properties that influence or are related to potential water flow 
paths include surface topography, bulk density, penetration resistance, and surface 
infiltration. Measurements of these parameters were made to illustrate probable water 
flow characteristics of soils near the fertilizer band. Additional testing included the 
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Figure 4- Diagram of (he LCD applicator showing position of components. 
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evaluation of solute movement from fertilizer bands by determining soil concentration of 
NO3-N after natural rainfall in an Iowa cornfield. 
Materials and Methods 
The performance evaluation was conducted on a Nicollet silt loam (fine-loamy, 
mixed, mesic Aquic Hapludoll) located at the Agronomy and Agricultural Engineering 
Research Center about 11 km west of Ames. Iowa. The experimental design was a 
randomized complete block with each block containing two treatment plots 3.8 by 18.3 m. 
The field had been chisel plowed the previous fall, and received no additional tillage 
diiring the experiments. The two treatments were 1) the application of 1409 L/ha (151 
gal/acre) of a liquid solution containing 12.9 g/m- (115 lb/acre) NO3-N as calcium nitrate 
using a conventional knife applicator, and 2) the application of the same liquid solution at 
the same rate using the LCD applicator. 
A liquid fertilizer solution of CaNO;, was used to maintain constant and 
reproducible application rates for the plots. To achieve good resolution between fertilizer 
and background soil NO3-N levels, this continuous com field had received no nitrogen 
fertilizer for 3 y prior to the experiment. 
The chemical solution was applied between com rows 45 days after planting. Wet 
soil conditions prevented earlier application. Monofilament plastic fishing line was placed 
at the fertilizer injection level during chemical application so that the original position of 
the fertilizer band could be accurately determined at any time during the experiment. 
Immediately following treatment application, penetration resistance was measiured 
at two replications of each treatment using a soil cone penetrometer (ASAE S313.2, 
ASAE Standards, 1994). Measurements were made using a 12.83 mm diameter cone 
driven at a constant rate of 35 mm/s. Load was measured every 0.2 s using a full-bridge 
pressure transducer (Transducer Techniques, Temecula. CA, model MLP-50) as the cone 
was driven into the soil. A 64 cm transect consisted of 17 probings conducted ever\' 4 cm 
across the interrow area. Surface topography was recorded using a ruler during the 
measurements so the sequential data sets could be aligned into 2-dimensional profiles. 
J J 
Bulk density was measured using the clod method described in Blake and Hartge 
(1986). Samples were collected 9 d after chemical application at one replication of each 
treatment. The sampling occurred 7 d after a 17.5 mm rain so that cohesive sample clods 
could be obtained. Samples were obtained fi'om a pit using a grid centered on the 
fertilizer band measuring 15 cm from the band towards the com rows on either side, and 
from the surface to 22.5 cm deep. Cubic soil samples approximately 2.5 cm in all 
dimensions were excavated from an undisturbed pit wall. Density characterization at each 
sampling location consisted of 108 soil samples. Surface topography was recorded in 
conjunction with the bulk density sampling. 
Measurements of surface infiltration were made on seven replications of each 
treatment using a constant-head, double-ring infiltrometer. The inner ring consisted of a 
rectangular box 30.5 cm long, 15.3 cm wide, and 15.5 cm high. The short axis was 
centered over the fertilizer band so the measurement would reflect the infiltration rate 
directly through the fertilized zone. .A. rectangular outer ring 48 by 25 cm was used to 
maintain one-dimensional vertical flow in the inner ring. Water was applied 
simultaneously to both rings to a depth of approximately 9 cm and allowed to infiltrate for 
30 min. Small changes in the water level of the inner ring were recorded using a stage 
recorder, then additional water was added to maintain a nearly constant head. The outer 
ring head was maintained using a marriot bottle. 
Solute movement was determined in two replications of each treatment by 
measuring soil solute concentrations 83 d after fertilizer application (approximately the 
end of the growing season). The sample grid consisted of five samples at each depth. 
The plane of the sampling grid was centered on the fertilizer band. Soil blocks measuring 
10 cm wide, 10 cm long, and 5 cm high were excavated from a pit wall to a depth of 50 
cm. Below that depth, three samples per depth were excavated, centered on the fertilizer 
band and measuring 10 cm in each dimension, to 80 cm. Solutes were extracted using a 
1:1 soilrdistilled water procedure, and the filtrate was analyzed for NO3-N using flow 
injection technology (Lachat Instruments, Milwaukee, WI). 
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RESULTS AND DISCUSSION 
Surface Topography 
One result of pulling a conventional knife through this soil was an open slit 12 cm 
wide and 4 cm deep, immediately above the applied fertilizer. Soil displaced by the knife 
accumulated along the edge of the knife slit, approximately 4 cm above the soil surface 
(fig. 5a). The shape of the knife slit suggested that water would accumulate in the surface 
depression just above the fertilizer band. Indeed, figure 6a shows that after the first rain, 
there was compression of the loose soil into the knife slit, causing an even deeper surface 
depression. Observations of sediment in the knife slit further confirm that the slit acted as 
a preferential infiltration locale. 
The LCD surface consisted of a dome approximately 6 cm above the soil surface, 
which covered the fertilizer band. A furrow, produced by the covering disk, was 
positioned 20 cm to one side of the fertilizer band (fig. 5b). The surface topography 
measured after rainfall is shown in figure 6b, which shows that the height of the dome and 
the depth of the fiirrow were both dampened by settling and infilling during water 
infiltration. 
Penetration Resistance 
Penetration resistance is an index of a soil's mechanical properties. .An example of 
the observed penetration resistance around knife and LCD fertilizer bands is shown in 
figure 5. Penetration resistance measurements around a conventional knife band showed 
that the knife had loosened the soil directiy above the fertilizer band and caused a low-
resistance valley above the band. The deepest extent of loose soil (less than 0.2 MPa) was 
directly above the fertilizer band. Measurements around an LCD band showed that a 
wedge-shaped compacted layer was present above the fertilizer band, and that the deepest 
extent of loose soil was offset to the side of the fertilizer band. 
Bulk Density 
The conventional knife slit was filled with loose soil that had a low bulk density. 
The bulk density* measured in the knife slit was 1.2 g/cm^, whereas the average bulk 
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density of ttie undisturbed soil surrounding the knife slit was 1.4 to 1.5 g/cm"' (fig. 6a). 
This loose soil in the knife slit had a porosity of 0.53. compared with the porosity of 0.44 
for undisturbed soil. The lightly shaded, low density region shown in figure 6a is wedge 
shaped, suggesting that the water that infiltrated much of the soil surface was channeled 
through the fertilizer band. The combinatioa of the wide knife slit and the porous soil 
that fills the slit represents a pathway for preferential water infiltration. 
The compacted soil layer generated by the LCD applicator was a diagonally 
oriented soil wedge of bulk density 1.4 g/cm"" (fig. 6b). This darkly shaded, moderate 
density wedge extended firom below the infiltration fiirrow (undisturbed soil) to near the 
soil surface in the surface dome. The fertilizer band was completely covered by this layer 
of soil that had been reworked to a bulk density similar to that of undisturbed soil. The 
soil with the lowest value of bulk density was located near the infiltration fturow. which 
should have allowed infiltration of water that moved off the dome and the compacted 
layer. 
Surface Infiltration 
The ponded infiltration rate after 30 min for soil above a conventional knife band 
was 19.7 cnvh. In contrast the infiltration rate for soil above an LCD band was 10.1 
cm/h, (SE=1.9 cm/h). a statistically significant reduction in surface infiltration (least 
significant difference = 5.3 cm/h). The reduced infiltration rate was caused by the smaller 
porosity and thus the increased hydraulic resistance of the compaaed layer. 
Solute Movement 
Natural rainfall and soil conditions strongly influence fertilizer movement in Iowa 
fields. In a relatively dry season, litde water and chemical moves below the root zone, 
whereas water and chemical movement may be significant in a wet year. In an Iowa 
study, Schuman et al. (1975) estimated that 75% of the solute movement measured during 
a 3 y smdy resulted firom one wet year (800 mm precipitation). During the testing on the 
LCD, the study year was an unusually wet year, with 737 mm of rain during 83 d firom 
chemical application to the end of the season. Normal precipitation for the period was 
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approximately 239 mm (Perrich, 1992). 
Examples of solute redistribution measured at the end of the season are illustrated 
in figure 7. The conventional knife profile (fig. 7a) showed that the NO3-N center of 
mass moved to below 30 cm. and the maximum concentration was 59 mg/kg. In contrast 
the center of mass in the LCD profile (fig. 7b) was approximately 20 cm deep, and the 
maximum concentration was 128 mg/kg. The lower edge of the NO3-N mass applied by 
the LCD applicator (20 mg/kg) moved only 60% as deep as NO-,-N applied by a 
conventional knife applicator. 
A likely reason for the differences in the NO3-N distributions in the soil profiles 
was that the water flow paths that existed in the conventional knife slit were no longer 
present in the LCD soil profile. Whereas the knife slit of the conventional knife surface 
was the lowest point on the surface and thus a receptacle for surface water infiltration, the 
LCD fertilizer band was protected by a surface dome that moved surface water to either 
side of the fertilizer band and thus limited the quantity of water that might have infiltrated 
the band. Loose and porous soil that would typically fill the conventional knife slit was 
compressed down to form a compacted layer that restricted water movement through the 
LCD fertilizer band. Macropores that could have been present at the base of the 
conventional knife slit were smeared shut by the modified knife on the LCD applicator. 
Physical measures such as penetration resistance, bulk density, and ponded infiltration rate 
suggested that surface soils above the LCD fertilizer band were altered by the applicator 
such that water flow paths were redirected away fi'om the fertilizer band. These physical 
measures were supported by evidence that NO3-N fertilizer was less susceptible to dilution 
and downward movement when applied using the LCD applicator versus a conventional 
knife applicator. 
CONCLUSIONS 
Strategies that allow farmers to limit the spread of agrochemicals to nontarget areas 
are needed. Many rural areas are dealing with the problem of agricultural NO3-N 
leaching. Use of the LCD applicator, or other implements that are successful at changing 
the interaction between infiltrating water and agrochemicals. will bring reduced leaching 
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compared with conventional knife application methods. Reduced leaching should allow 
nutrients such as NO3-N to remain in contact with growing roots, and therefore allow 
greater opportunity for uptake. The use of the LCD applicator may also allow fewer 
chemicals to be used on the land if N-use efBciency is increased due to the greater plant 
uptake. 
The LCD applicator performed well on the high organic matter silt loam soil 
present at the research station. Soils with relatively large clay content may necessitate 
additional colters or disks prior to fertilizer injection to loosen the soil so an acceptable 
compacted soil layer can be formed. Kiuchi et al. (1996) studied water and NO3-N 
movement in a coarse-textured soil. They showed that when coarse textured soil above a 
fertilizer band was slightly compacted, the rate of leaching was reduced relative to the 
condition without compaction. 
The materials used to construct this device are not elaborate. The LCD applicator 
was assembled from readily available parts. This simple design can be used in both 
rainfed and irrigated regions where N fertilizer is applied by a knife applicator. 
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CHAPTER 4. LOCALIZED SOIL iMANAGEMENT IN FERTILIZER 
INJECTION ZONE TO REDUCE NITRATE LEACHING 
A paper submitted to Agronomy Journal 
D.E. Ressler. R. Horton." T.C. BCaspar, and J.L. Baker.' 
ABSTRACT 
Nitrogen (N) fertilization of row crops in humid regions can result in nitrate (NO3) 
leaching, which represents an inefficient use of resources and can result in environmental 
degradation. A fertilizer applicator was developed to alter physical properties of the soil 
surrounding a knife-injected fertilizer band. Soil alterations include smearing macropores 
below the fertilizer injection slot, formation of a localized compacted soil layer over the 
injected fertilizer band, and formation of a sxirface dome to cover the compacted soil layer 
and the fertilizer band. The applicator, termed LCD, was tested along with a conventional 
knife applicator (without a covering disk) to evaluate its effect on leaching by determining 
NO3 and bromide (Br") tracer redistribution during the growing season. Com yield 
response to both N applicators was also evaluated. The NO3 and Br" distributions were 
determined by intensive soil sampling to 0.8 m below the soil surface. Four fertilization 
rates (67. 112. 157. and 202 kg N ha"h were used to characterize yield response. During 
seasons when rainfall was below average, neither NO3 redistribution nor crop yield 
showed a response to fertilizer application technique. During a growing season with 
above average rainfall, 20% more of the applied NO3 and 18% of the applied Br" was 
recovered in the top 0.8 m of soil when applied with the LCD applicator. Use of the 
LCD applicator increased crop yield approximately 0.48 Mg ha"' over yield using the 
' D.E. Ressler and R. Horton, Dep. of Agronomy, Iowa State Univ. Ames, lA 50011; J.L. 
Baker, Dep. of Agric. and Biosystems Eng., Iowa State Univ. Ames, lA 50011; T.C. 
Kaspar, USDA-ARS, National Soil Tilth Lab., 2150 Pammel Dr., Ames, lA 50011. 
Joint contribution from Iowa State Univ. and National Soil Tilth Lab., USDA-ARS. 
Journal Paper No. J-17425 of the Iowa Agricultural and Home Economics Experiment 
Station, Ames, Iowa, Projects No. 3143 and 3289, and supported by the Hatch Act and 
State of Iowa funds. 'Corresponding author (rhorton@iastate.edu). 
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conventional knife applicator dnring an above average rainfall season, suggesting that one-
fifth of the conventional knife applied N was lost prior to crop uptake. These findings 
suggest the LCD applicator was effective at reducing leaching losses during growing 
seasons when rainfall was abundant. 
INTRODUCTION 
Nitrogen (N) fertilizers are widely used in com {Zea mays L.) production in the 
north-central region in the United States. Because rainfall and irrigation amounts t5^ically 
exceed the annual evaporative demand in the region, drainage to ground water or surface 
water (via tile drainage) can result in N movement out of the root zone. Kolpin et al. 
(1991) reported 6% of 599 samples collected from 303 shallow wells in the Midwestern 
U.S. had nitrate-nitrogen (NO--N) concentrations that exceeded the 10 mg L"' drinking 
water standard. Groundwater provides a significant component of the total flow in many 
Midwestern rivers and streams, and where they exist, subsurface tile drains can transport 
NO- from agricultural soils to waterways (Keeney and DeLuca. 1993; Johnson and Baker. 
1982 and 1984). 
Knife injection of N fertilizers is a common application technique in the north-
central region. This technique leaves a porous knife slit above the injected fertilizer. This 
knife slit results in a soil zone more favorable to water movement than the surrounding 
soil (Ressler et al., 1997). Thus, two soil zones are created: 1) undisturbed soil with a 
"background" N concentration; and 2) loose, porous, disturbed soil with an increased N 
concentration. The disturbed soil above the injected fertilizer commonly settles into the 
knife slit, leaving a depression that can channel nearby rain water through the fertilizer 
band. 
Several management strategies have been proposed to reduce N leaching from 
agricultural lands. One recent strategy is to divert the flow of infiltrating water away 
from or aroimd the N fertilizer. Placing soluble fertilizer in elevated ridges has been 
shown to reduce leaching (Clay et al., 1992; Hamlett et al., 1990; and Kemper et al., 
1975). Compacting the soil above apphed fertilizers is another approach diat can reduce 
leaching (Baker et al., 1997; Kiuchi et al., 1996; Kiuchi et al., 1994; and Hira and Singh, 
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1979). Compacted soil can be used as a barrier to water flow, limiting water and 
chemical movement in the fertilizer band. Lastly, chemical incorporation associated with 
tillage results in reduced leaching compared with no-till because macropores are disrupted 
and there is less by-pass water flow (Kanwar et al., 1988. Kanwar et al.. 1985, Tyler and 
Thomas, 1977). To date, no attempts have been made to combine macropore disruption, 
compacted soil layers, and ridges at the field scale during fertilizer injection. On Iowa 
farms, only 2% of cropland was in ridge-till in 1994, slightly higher than the national 
average of 1.2% (Conservation Technology Information Center, National Crop Residue 
Management Survey), and there were no reported field scale attempts to use subsurface 
barriers to limit N movement in production agriculture. 
An N fertilizer applicator has been designed and built that forms a locally 
compacted soil layer and a surface ridge or dome (termed LCD) over the injected fertilizer 
band (Ressler et al., 1997). The applicator includes a imife with a triangular, horizontal 
shoe at the base that smears the soil at the bottom of the knife slit to close any existing 
macropores. A cone disk guide wheel follows the knife to close the knife slit and 
compress a soil layer over the fertilizer band. Another following disk completes the 
closure of the slit and mounds soil above the fertilizer band. These soil manipulations are 
performed in between crop rows at the time of fertilizer application, and no additional soil 
management is necessary during the growing season. 
Physical properties of the soil within the dome and subsurface barrier have been 
described (Ressler et al., 1997). and these physical measurements suggested that the soil 
manipulations with the LCD applicator reduced water flow through the injected fertilizer 
band compared with the conventional knife applicator. The objective of this study was to 
evaluate the effectiveness of the LCD applicator to reduce NO3 leaching and improve N-
use efficiency in a continuous com {zea mays) field. More specifically, this included; I) 
determining leaching by measuring chemical redistribution of both NO3 and Br follovmg 
LCD fertilizer application (a solution containing NOj and Br') and comparing the results 
to redistribution of conventional knife-injected fertilizer NOj and Br", and 2) measuring N 
uptake in com grain and stover along with com yield to assess N-use efficiency. 
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MATERIALS AND METHODS 
The leaching (1993-94) and yield (1995-96) investigation was conducted on a 
Nicollet silt loam (fine-loamy, mixed, mesic Aquic Hapludoll) located at the Agronomy 
and Agricultural Engineering Research Center about 11 km west of Ames. Iowa. The 
experiment used a randomized complete block design. In 1993. eight plots were used: two 
application treatments in each of four blocks. In 1994. there were twelve plots, six blocks 
and two application treatments. .A plot consisted of a 3.8 x 18.3 m area in a continuous-
corn field ('Pioneer 3517 IR' hybrid, planted at 73,100 seeds ha"'). The field, which was 
not tile drained, had been chisel plowed each fall and disked or field cultivated ui the 
spring prior to planting. Subsequent weed control relied on commercially available 
herbicides. The plots received no additional tillage during the growing season. 
Application treatments were: 1) application of a liquid solution containing calcium nitrate 
(Ca(N03)2) and potassium bromide (KBr) using a conventional knife applicator; and 2) 
application of the same liquid solution using the LCD applicator (Ressler et al.. 1997. 
Chapter 3. this volume). 
A Ca(N03); fertilizer solution was applied to maintain constant and reproducible 
NO3 application rates for the plots. Additionally, the solution contained bromide (Br) as 
a tracer. Bromide moves similarly to nitrate in this soil, but is not subject to microbial 
processes that may affect soil NO3 concentrations. Because Br" was not native to these 
soils, the distributions determined during soil sampling gave a clear representation of 
soluble chemical movement in the soil. The fertilizer solution was injected at 0.10 m 
below the soil surface by both applicators in the center of the interrow area. In 1993. the 
chemical solution consisted of 91.0 g L"' NO3-N and 100 g L"' Br", and was injected at 
1420 L ha"', resulting in application rates of 129 kg ha"' NO3-N and 141 kg ha"' Br". The 
1994 chemical solution consisted of 91.5 g L"' NO3-N and 100 g L"' Br" and was injected 
at 1260 L ha"', resultiag in slightly lower application rates of 115 kg ha"' NO3-N and 126 
kg ha"' Br". To reduce interference of background soil NO3 levels on N concentrations, 
this field was cropped to com and had received no fertilizer N for 3 yr prior to the 
experiments. Com is capable of significant Br" uptake (Jemison and Fox. 1991), so to 
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prevent Br and NO3 cycling via crop residue, plots were used for only one growing 
season. 
The chemical solution was applied between com rows 45 d after planting in the 
1993 growing season. Wet soil conditions prevented earlier application. Drier weather in 
1994 allowed chemical application 15 d after planting. Dxaring application, monofilament 
plastic fishing line was released at the depth of chemical injection from both applicators so 
that the original position of the chemical band could be accurately determined at any later 
time during the experiment. 
Solute redistribution and leaching were determined by measuring soil NOj-N and 
Br concentrations at selected times after application. Soil samples were obtained from a 
vertical pit wall perpendicular to the com rows spanning three com rows and the two 
interrow areas (1.52 m). Soil blocks, each 0.38 m wide, 0.20 m deep, and 0.10 m thick-
were collected from the two interrow positions (centered around the fertilizer band) at 
each 0.20 m depth interval (Fig. la), and were mixed by hand in the field and then 
subsampled. The soil in row positions (centered around the com stalk and roots) was 
sampled by excavating a 0.38 x 0.20 x 0.10 m block centered on the middle com row, 
then adding two half blocks. 0.19 x 0.20 x 0.10 m. from each edge of the pit face. The 
resulting sub-samples represented two complete interrow areas and two complete row 
areas. Samples were collected to a total depth of 0.8 m. In 1993. soil sampling was 
conducted 38 and 83 d after fertilizer application; in 1994, it was conducted 33. 68. and 
131 d after fertilizer application. 
Concurrent with the large block grid sampling, a sampling grid consisting of 
smaller soil samples. O.IO m wide. 0.05 m deep and 0.10 m thick (Fig. lb), were collected 
from four of the plots (two LCD and two conventional knife). These samples were used 
to provide a more detailed image of the chemical redistribution than the larger samples 
provided. These smaller soil samples were excluded from the statistical analysis described 
in the next section because only two plots in each treatment were sampled. 
NO3 and Br" were extracted from the soil samples using a 4:1 distilled water:soil 
ratio procedure. Filtrates were analyzed for NO3 using an automated cadmium reduction 
method (USEPA, 1979), which also includes nitrite-nitrogen, with a Technicon 
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Autoanalyzer II system. Br" concentrations were determined using high performance 
liquid chromatography, with a 10 |jL aliquot from each sample injected into a stream of 3 
mM potassium hydrogen phthalate, buffered to pH 3.8. The stream passed through a 0.10 
m IC A1 anion column, maintained at 40°C. A Spectroflow 783 (Kratos Analytical 
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Instruments, Ramsey, NJ) equipped with a conductivity sensor was used in combination 
with Axxiom Chromatography software (model 727. Moorepark. CA) to digitally integrate 
the conductivity response. Sample concentration was determined by comparing the peak 
area of a sample chromatogram to the associated response of a series of calibration 
solutions. The NO3 and Br" masses resident at each depth were calculated by adding the 
fraction present in the interrow and the row samples. An ANOVA model was used to 
determine statistical differences between the mass fraction recovered at each layer from 
the LCD and conventional knife application treatments. 
Along with soil sampling, the exposed soil of the pit wall was washed to observe 
root penetration of the compacted layer over the fertilizer band. Only visual observations 
were recorded in 1993, but in 1994. quantitative measures of root proliferation in the 
compacted layer were made when soil blocks 0.20 m deep. 0.20 m wide, and 0.10 m long, 
centered on the fertilizer band were removed from the pit wall. Roots were separated 
from the soil by wet sieving, and root dry weight was determined. 
In 1995 and 1996. experiments were designed to evaluate the com yield response 
to LCD and conventional knife applied fertilizer N. Four N rates (67. 112. 157. and 202 
kg N ha"') were used on continuous-com plots, by injecting a 28% urea-ammonixmi-nitrate 
(UAN) solution using the LCD and conventional knife applicators. The lower rates were 
chosen to maintain N as the limiting nutrient, so that differences in N availability would 
be expressed in crop yield. Soil tests indicated that the levels of P and K in the soil were 
non-limiting, so P and K were not added. Stalk NO3 at black layer development showed 
that each of these N rates, even the highest rate, was insufficient to reach maximum yield 
(Binford, et al., 1992). A ninth treatment was a no fertilizer control. A randomized 
complete block experimental design was used with six replications of the nine treatments 
for a total of 54 plots. Plots measuring 3.8 x 18.3 m were planted with "Pioneer 3514' 
hybrid at 111.000 seeds ha"', then manually thinned to 78,000 plants ha ' to provide 
accurate population control. Weeds were controlled using labeled rates of acetochlor (2-
chloro-N(ethoxymethyl)-6'ethyl-o-acetotoluidide). Com stalk NO3 content at black layer 
development and grain yield at harvest were determined. 
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RESULTS AND DISCUSSION 
Leaching Study 
Weather and soil conditions strongly influence fertilizer N movement in Iowa 
fields. In a relatively dry season, little water and therefore little N moves below the root 
zone, whereas water and N movement may be significant in a wet year (Schuman et al.. 
1975). The first study year (1993) was unustially wet, with 429 mm of rain during the 
first 38 d of the smdy (after fertilizer N appUcation), followed by 308 mm during the next 
45 days. Long-term average precipitation values for these periods were 109 mm and 130 
mm, respectively (Perrich, 1992). The second smdy year (1994) had a more typical Iowa 
summer. Rainfall totals were 104 mm during die first 33 d following fertilizer N 
application, 113 mm during the next 34 days, and 175 mm during the final 63 d of the 
experiment. Average rainfall values for the periods were 130 mm. 128 mm. and 184 mm. 
respectively. Therefore 1993 conditions were much wetter than average whereas 1994 
conditions were drier than average. 
The leaching and solute redistribution of NOj-N measured by the small (0.10 x 
0.05 X 0.10 m) grid samples during 1993 are shown sequentially in Figures 2 and 3. 
Thirty-eight days after N application, the NO3-N had moved much deeper in the soil and 
had dispersed more extensively in the conventional knife plot than in the LCD plot (Fig. 
2). These distributions were still evident at the end of the growing season (Fig. 3). These 
data suggested that chemical injection using the LCD applicator reduced NO3 movement 
during the 1993 growing season compared with the conventional knife applicator. This 
observation was supported by the concentrations of Br in the samples, which showed 
movement nearly identical to NO3 during the growing season. An example of Br" 
distribution at the end of the season is shown in Figure 4. The redistribution of Br' 
provided indirect evidence that the dominant mechanism of NO3 movement in the soil was 
leaching. Both NO3 and Br" had similar depth and lateral distribution in the soil profile, 
therefore it was clear that NO3 and Br" leaching were similar. 
Replicated measurements of solute concentration in large grid samples (0.38 x 0.20 
X 0.10 m) confirmed the downward movement of NO, and Br" when injected by the 
conventional knife applicator, and the relative retention of chemicals when injected by the 
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Solute distributions, 1993: a) and b) represent the distribution at 38 days, 
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LCD applicator. The 1993 leaching data are presented in Fig. 5. Percent recovered is the 
mass of solute present in each 0.2 m soil layer, as a percent of the total mass injected 
during fertilizer application. Error bars indicate ±one standard error. "I", * Significant at 
the 0.10 and 0.05 probability levels, respectively. These data showed two trends. Surface 
layer concentrations of NO3-N were greater for the LCD plots than those of the 
conventional knife plots. At deeper depths, the LCD plots had smaller concentrations of 
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NO3-N than those of the conventional knife plots. These data were consistent with 
chemical distributions shown in Figures 2-4. This suggested that during a year when 
precipitation was abundant the LCD limited the movement of N out of the application 
zone near the soil surface, and thus reduced leaching. 
In 1994. the second year of the smdy. precipitation totals were slightly lower than 
historical averages. Thus, less water passed and solutes leached through the soil profile. 
LCD applicator applied N and Br" showed higher concentrations at the surface after 33 d 
than N applied using the conventional knife (Fig. 6a and 6b. error bars indicate ±one 
standard error). Samples at the end of the growing season (Fig. 6c and 6d) showed little 
NO3-N or Br" remaining in the soil profiles. These data indicated that early in the 
growing season, when crop N needs were small and when Iowa weather tends to be wet 
the LCD applicator was better than the conventional knife at retaining NO3 close to the 
soil surface at a time when the NO5 was susceptible to leaching. During the latter part of 
the growing season, plants were aggressively taking up water and N, so the quantities of N 
measured in the soil profiles were small. The differences in recovery that developed 
during the first 33 d between the application methods decreased considerably by 68 d 
(data not shown), and after 131 d. NO-.-N and Br" amounts were small and no application 
method differences were apparent Data from the smaller O.IO x 0.05 x O.IO m samples 
show the same trends; the chemicals were retained near the soil surface at 33 d. and were 
removed from the profile as the season progressed (data not shown). Considering the 
rainfall differences between 1993 and 1994, along with the depths at which NO3-N and 
Br were recovered in 1994, after some early movement of knife-injected chemicals, 
leaching was not a significant problem in 1994. 
The distributions of NO3-N and Br" in the soil profile are sxmimarized in Fig. 7 by 
showing the total mass stored in the upper 0.8 m of the root zone at each time samples 
were collected (error bars indicate tone standard error). The LCD applicator treatment 
retained 20% more of the applied NO3-N and 18% more of the applied Br" in the upper 
part of the root zone than the conventional knife applicator during the above average 
precipitation year in 1993. During 1994, when precipitation was lower, a difference 
appeared in the recovered Br, but only at the first sample date. 
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Root penetration of the compacted soil layer was visually assessed in 1993 with no 
differences noted in root penetration of soil near the fertilizer band. Quantitative measures 
of root mass around the fertilizer bands were made in 1994. Although the root weight 
density around the conventional knife band (0.306 mg cm"^) was numerically greater than 
the root weight density around the LCD band (0.250 mg cm"^), the difference was not 
statistically significant at the 0.05 probability level (SE = 0.052 mg cm'^). 
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Yield Study 
During 1995. the first year of the yield study, 317 mm of rainMl was observed 
between fertilization and harvest (133 d), 76 mm below average for the period. 
Conditions in 1996 were wet during the spring, which delayed fertilizer N application until 
July 1. After N application. 422 mm of rainfall was observed during the next 135 d. 79 
mm greater than averse for the period. Thus 1995 was a drier than average season, 
whereas 1996 was a wetter than average season. 
There were no differences in yield at any N rate in 1995 (Fig. 8a). probably 
because leaching was limited by weather rather than by application method. In 1996. 
when rainfall was more plentifiil, for similar fertilizer rates, the plots that received LCD 
applied N yielded an average 0.48 Mg ha"' more than plots that received N via the 
conventional knife applicator (Fig. 8b). Although none of the individual yield values were 
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significantly different between applicator treatments at a single N rate, die differences 
observed across all rates in 1996 were significant at the 0.10 probability level. 
Yield differences measured in 1996 imply that some N applied with the knife was 
lost. It was assumed that the LCD applicator changes only the physical properties of the 
soils in the injection zone and not the chemical or biological interactions between the 
fertilizer and the com plants. Any yield differences were assumed to reflect a difference 
in the amount of N available to the crop. The available N difference was attributed to 
differences in leaching of fertilizer N. An analysis similar to one used by Blackmer 
(1986) was used to determine the effectiveness of the LCD applicator to reduce leaching 
compared with conventional knife injection. Assuming that the LCD applicator allowed no 
leaching, the coefBcients A. B, and C in Eq. [1] were fit using a quadratic relation 
between yields (Y) and the N application rate (N) of plots receiving the LCD treatment. 
Y  =  A N - ^ B N ^ C  
Assuming leaching losses were a constant fraction over all N rates, the yield firom 
plots receiving conventional knife-injected N were used with the parameters .A. B. and C 
from Eq. [1] to fit the leached fraction (L) in Eq. [2]. 
Y  =  A \ _ N  { l - D f  ^  B [ N  (l-L)] + C P] 
This analysis suggested that approximately 23% of the N applied by the 
conventional knife in the wet year (1996) was lost. Yield differences were observed over 
N-rates that were insufficient to achieve maximum yield (based on stalk NOj values and 
the shapes of the yield response curves). The increased jield response might not be 
expected in fields containing higher background N fertility levels, because a high 
background fertility level would decrease the potential yield increase from additional 
available N. Finally, during 1995, a season with below average rainfall, there were no 
differences between stalk NO- concentrations or yields. 
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CONCLUSIONS 
These data indicate that when growing season precipitation was above average in 
Iowa, larger soil concentrations of NO3-N were measured closer to the surface in plots 
where N was applied by the LCD applicator compared with the conventional knife 
applicator. Data also indicate that yields during a wet year were larger for plots with N 
applied by the LCD applicator than with the conventional knife applicator, indicating 
greater amounts of available N. These results indicate that localized compaction and 
doming reduced NO- leaching and improved N-use efficiency in a rainfed Iowa com field. 
Application of this technology to additional soil types and water management regimes may 
yield similar results. In a related study, Kiuchi et al. (1996) showed that a compacted 
layer formed in a sandy loam soil reduced anion leaching. Similarly, experimental 
measurements of leaching considering chemical placement with respect to surface shape 
(Kemper et al.. 1975) and computer simulations of chemical placement and surface shape 
(Benjamin et al.. 1994) suggest that the LCD applicator could produce desirable results in 
sands and clay loam soils. Considering the quantity of N fertilizer applied in the Com 
Belt, preventing even a small percentage of N from leaching out of the root zone would 
tremendously benefit the environment. 
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CHAPTER 5. EVALUATION OF LOCALIZED COMPACTION 
AND DOMING TO REDUCE ANION LEACHING LOSSES USING LYSIMETERS 
A paper submitted to Journal of Environmental Quality 
D.E. Ressler, R. Horton.' J.L. Baker, and T.C. Kaspar' 
ABSTRACT 
Fertilizer nitrogen that leaches from the root zone is not available for uptake by 
plants and can be transported to surface waters by subsurface drains, where it is 
considered a contaminant Localized soil compaction and doming (LCD) to divert 
precipitation or irrigation water around the zone of fertilizer injection may be one way to 
reduce nitrate (NO3) leaching from agricultural fields. This study was designed to 
determine whether anion tracer transport through soil profiles to subsurface drains could 
be delayed by modified application methods, specifically 1) injection using a conventional 
knife shank; 2) broadcast application; and 3) injection and covering using an LCD 
injector. Three fluorobenzoate tracers, which are not adsorbed to soil and move similarly 
to NO3 through soil, were applied to each of eight lysimeters at the application rate of 63 
kg ha"' using the three application treatments. Each treatment contained an individual 
tracer. Two rainfall intensity treatments were imposed, with four lysimeters used for each 
rainfall intensity treatment. All lysimeters received 50 mm of simulated rain three days 
after chemical application. A storm of this magnitude is expected to occur only one in 
five years in Iowa. There were no statistical differences in cumulative tracer leaching 
between the different rainfall intensity treatments. At the end of six months, 5% of the 
tracer applied by a conventional knife shank leached to the subsurface drain mbes, 4% 
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applied as broadcast leached, and 1% applied by the LCD apparatus leached. At 18 
months, corresponding values were 25%. 17%. and 13%. These results suggested that soil 
modification in the fertilizer injection zone was a simple and effective way to reduce 
anion leaching. 
INTRODUCTION 
Most com {Zea mays L.) production practices require large amounts of nitrogen 
(N) fertilizer for optimum yield. In Iowa, a state with large com production, there was 
939,570 Mg N applied to the soil in 1994 (Terry et al., 1995). Soil N reactions are 
complex, but generally non-nitrate fertilizer N sources are converted to nitrate (NO-), 
which is the most common N form taken up by plants. In the NOj form. N readily moves 
with water. Large quantities of precipitation or irrigation can leach NO3 to subsurface 
drain tubes or below the root zone. Nitrate lost firom the root zone represents an 
economic loss to crop production as well as a health risk if the water containing high 
amounts of NO- is consumed. Subsurface drains often discharge into surface ditches or 
streams, and can affect the environmental quality of the surface water and its use as a 
drinking water source (Johnson and Baker. 1982; Johnson and Baker, 1984: Kladivko et 
al., 1991). Nitrogen loading of rivers such as the Mississippi River has been linked to 
phytoplankton species shifts and increasmg severit\' of hypoxia in the northern Gulf of 
Mexico (Rabalais et al.. 1996). 
Nearly 40% of Iowa's N fertilizer was applied as anhydrous ammonia (NH3) in 
1994 (Terry et al., 1995), and was knife-injected. Other N solutions can also be knife-
injected. Conventional knife injection can result in an open sht over the injected fertilizer. 
This slit produces a soil zone more favorable to water infiltration than the surrounding soil 
(Ressler et al., 1997, Chapter 3, this volume). Soils disturbed by knife injection are loose 
and porous and contain an increased N concentration. Soils undisturbed during the 
injection of N fertilizer are typically more dense and contain a far lower N concentration. 
Thus, for this application method, the soils most likely to conduct infiltrating water are 
also those with the greatest N concentration. In addition, the conventional knife pushes 
soil out of the injection zone and causes a surface depression. This siirface depression can 
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collect nearby surface runoff from rain water and concentrate infiltration through the 
fertilizer band. If fertilizer injection techniques can be refined to restrict water movement 
through the fertilizer band, leaching will be reduced. 
Results from several recent studies show that the orientation and physical condition 
of surface soil layers play a role in chemical transport through the soil. Ridge tillage, a 
management practice developed to influence water and heat storage in row crops, was 
previously investigated as a means to also reduce NOj leaching. Clay et al. (1992). 
Hamlett et al. (1990), and Kemper et al. (1975) demonstrated that fertilizer injected into 
an elevated ridge was less susceptible to leaching compared with fertilizers injected into 
furrows between ridges or fertilizer injected into a level soil surface. 
Soil compaction significantly influences infiltration and soil water flow. Hira and 
Singh (1979) showed the effect of compacted soil on solute leaching, and Baker et al. 
(1997), Kiuchi et al. (1994), and Kiuchi et al. (1996) have shown that compacted soil 
could be used above injected chemicals to divert water around the chemicals and reduce 
their leaching. 
Tillage disrupts continuous macropores such as root and earthworm channels or 
desiccation cracks that are near the surface. These macropores provide pathways that can 
rapidly transport water and solutes deep into soils in a short time. Surface tillage changes 
the macropore continuity of a fraction of the root zone and can have a dramatic effect on 
chemical leaching. Reduced leaching has been attributed to macropore destruction in 
conventional tillage vs. no-tillage in studies where solutes were applied to the soil surface 
with intact macropores (Tyler and Thomas. 1977; BCanwar et al.. 1985; BCanwar et al.. 
1988). Conversely, a deeply operated injection knife can expose macropores beneath a 
tilled soil and may inject N in close proximity to soils undisturbed by tillage, which have 
macropores remaining intact. Thus, even though tillage is used near the soil surface, 
knife-injected chemicals may reach the macropore network. Logsdon (1995) reported an 
artificial buried macropore remained unsaturated during ponded infiltration, but served as 
a preferential flow path for water and solute transport through a soil column. 
Surface ridges, compacted soil layers, and macropore disruption are strategies that 
can reduce leaching. Ressler et al. (1997, Chapter 3, this volume) described an N 
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Fig. 1. Diagram of the LCD applicator showing position of components. 
fertilizer applicator mvohing localized compaction and doming (LCD) that attempts to 
combine these strategies to smear and close macropores below the N injection knife, fill 
and compact soil into the knife slit^ and cover the fertilizer band with a surface ridge or 
dome. These goals are accomplished by a fertilizer injector consisting of three basic 
components: i) a modified knife shank with a beveled, triangular shoe at the base to break 
up soil clods and smear macropores shut simultaneous to fertilizer injection; 2) a cone disk 
guide wheel to press soil into the injection slot and create a compacted soil layer; and 3) a 
covering disk to mound soil into a ridge above the compacted layer. The arrangement of 
the components on the fertilizer injector is shown in Fig. 1. Measurements of soil bulk 
density, water infiltration, and soil penetration resistance around both conventional knife-
injected and LCD-injected fertilizer bands indicated that the probable water flow path 
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would be diverted around the LCD fertilizer band rather than through it as is the case 
with the conventional knife fertilizer band. Ressler et al. (1997. Chapter 3. this volume) 
also illustrated that conventional knife-injected NOj moved deeper in the soil profile and 
was more readily leached than LCD-injected NO3. In those smdies. however, differences 
in leaching were inferred based on NO3 concentrations retained within the soil, rather than 
direct measurements of the amount of NO, that leached. 
It is important to obtain direct measurements of leaching losses to adequately 
evaluate the influence that LCD injection may have on reducing NO3 leaching compared 
with conventional knife injectioEU Because NO3 is subject to plant and microbiological 
reactions that can change the N form in the soiL and because groundwater and subsurface 
drain tube flow interactions can be complex, we chose to investigate chemical leaching 
using anionic tracers and field lysimeters. Field lysimeters provide a closed system where 
leaching can be measured directly. Lysimeters also can be subjected to simulated rainfall 
allowing a wider range of storm amounts and intensities than those that occur naturally. 
Fluorobenzoate tracers, a class of anionic chemicals that move through soil 
similarly to ions like bromide (Jaynes, 1994) and NOj, can be used to simulate the 
movement of NO3. This class of tracers contains several compounds that can be 
distinguished analytically, so multiple applications can be evaluated on the same lysimeter 
and therefore reduce variability. One objective of this study was to determine the effect 
of the LCD applicator on solute movement by determining the mass of injected or surface-
applied fiuorobenzoic acid tracers in subsurface drain tube water 1.3 m below the soil 
surface. Three application treatments were chosen for the smdy: 1) injection by a 
conventional knife injector; 2) broadcast application on the soil surface; and 3) injection 
by an LCD applicator. Drainage water was monitored to determine the volume of 
drainage and mass of each anion that leached. 
Rainfall intensity, quantity, and timing can affect the percolation of water and. 
therefore, anion leaching. A second objective was to evaluate the interaction of two 
rainfall intensities on solute movement. A high-intensity rainfall treatment including 
infrequent storms, some of which had rainfall intensities >25 mm h"', was compared with 
a low-intensity rainfall treatment which included more frequent rains of smaller volumes 
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and intensities. Bothi treatments received approximately the same volume of water during 
the experiment 
MATERIALS AND METHODS 
Leaching experiments were conducted in lysimeters at the Agronomy and 
Agricultural Engineering Research Center. 11 km west of Ames. Iowa. The field site is 
mapped as a Nicollet silt loam soil (fine-loamy, mixed, mesic. .A.quic Hapludoll). It has 
16 non-weighing lysimeters, each 0.97 m wide. 2.29 m long, and 1.37 m deep, which 
were installed 13 yr prior to these experiments. In 1982. soils were serially excavated: 
and an impermeable Hypolon liner, 1.1 mm thick with an imbedded polyester netting 
(Environetics. Inc., Lockport, IL) was placed in the excavated volume. A lO-cm 
perforated plastic drain tube was placed on the base of the liner, and a 1.25-cm 
polyvinylchloride access mbe was attached to allow water withdrawal from the drain. The 
excavated soils were sequentially returned to the lysimeter and placed at the original 
depths. See Timmons and Baker (1992) for complete details of lysimeter installation. 
Eight of the 16 lysimeters were selected for the experiment by evaluating drainage 
rates resulting from natural rainfall and ponded water experiments. Those that had similar 
drainage characteristics were selected for the experiment. Lysimeters with low percolation 
rates, which may have become ponded quickly, were excluded from the e.xperiment. 
Surface soils were tilled or loosened using a hand spade to simulate cultivation prior to 
chemical tracer applications. Any desiccation cracks along the lysimeter edges were filled 
with soil and mounded to prevent preferential infiltration along the lysimeter edges. Weed 
control was accomplished with glyphosate (N-(phosphonomethyl)glycine) and 2,4-D ((2.4-
dichlorophenoxy)acetic acid) as needed. The lysimeters did not have a crop planted to 
avoid plant uptake of water or tracers. 
A class of fluorobenzcate has been recommended as suitable tracers of water 
movement in environmental experiments (Jaynes, 1994). In negatively charged soils. NOj 
moves with soil water, so, a class of chemicals that trace soil water movement should also 
be sufficient substitutes for tracing NO3 movement. Three benzoic acids were chosen for 
the experiments to simulate fertilizer NO3 movement: 2.6-difluorobenzoic acid. 
68 
pentafluorobenzoic acid, and o-(trifluoro-methyl) benzoic acid (JRD Fluorochemicals Ltd. 
Leatiierhead. Surrey. UK). These chemicals were shown to have similar transport and 
adsorption properties compared to Br' in Clarion loam (fine-loamy, mixed, mesic. Tv-pic 
Hapludolls) and Okoboji silty clay loam (fine, montmorillonitic, mesic, Cumulic 
HapIaquoUs) soils, end members of the toposequence that includes the Nicollet series 
(Jaynes, 1994). 
Chemical application treatments consisted of 1) conventional knife injection. 2) 
localized compaction and doming injection (Ressler et al., 1997, Chapter 3. this volume), 
and 3) surface broadcast spray. The broadcast treatment was included to indicate the 
movement of anions from the surface soil to provide a contrast to the two subsurface 
injection techniques. The three benzoic acids were randomly assigned to the three 
application treatments within each lysimeter. Each lysimeter received all three application 
treatments and, therefore, all three benzoic acid tracers (see Fig. 2). Thus, tracer 
breakthrough at the subsurface drain tube was specific to an application treatment effect. 
Each tracer solution consisted of a single benzoic acid dissolved in distilled-
deionized H^O at a concentration of 42.4 g L"'. The solutions were titrated to pH 7.0 with 
NaOH. The target application rate was 63 kg ha"', specifically 0.33 L of the benzoic acid 
solution containing 14 g of a benzoic acid, either injected into or broadcast on the 
lysimeter soil (Fig. 2). The application rate was chosen based on the solubility of the 
tracers and the volume of solution that could be delivered to the injectors. Actual solution 
volimies were measured and differences were corrected in the mass balance calculations. 
The solutions were delivered to the applicator using a compressed CO^ tank regulated to 
0.24 MPa. 
Impermeable liners around each lysimeter were protected by metal borders at the 
soil surface. Operating standard field equipment across the lysimeter surface was 
considered a threat to the integrity of the metal borders and the impermeable liners, so a 
hydraulic ram was assembled that propelled injection knives, cone wheels, and disks 
across the lysimeter without damaging it The ram was mounted at the rear of a tractor 
and was of sufficient stability so that sequential, properly oriented, and aligned passes 
could be made across the lysimeter at constant speed of I.O m s"'. 
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Fig. 2. Representative tracer application layout. Three benzoic acid tracers were 
randomly assigned to the three application positions: 1) conventional knife 
injection: 2) LCD injection; and 3) broadcast. 
The knife injection treatment was conducted by mounting a conventional knife 
shank on the hydraulic ram and positioning the ram so the injection depth was 0.10 m 
below the soil surface. The ram was extended, and ±e knife traveled the length of the 
lysimeter. Concurrent with the knife travel, the compressed CO^ tank was operated to 
release the benzoic acid solution into the knife slit through the normal fertilizer application 
tube on the rear of the knife. 
The LCD injector was too large to use inside the lysimeters. Instead, the 
components of the injector (see Fig. 1 and Ressler et al., 1997 (Chapter 3. this volume), 
for a description of the components) were removed and sequentially mounted on the 
hydraulic ram. Tracers were injected using a specialized knife shank which had a 
triangular shoe at the knife base to close macropores mounted on the hydraulic ram. The 
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ram was extended and a benzoic acid solution was injected using an identical procedure as 
that of the conventional knife injection. After the knife was removed, the ram was 
retracted, and a cone disk guide wheel was attached to the ram. Soil pressed into the 
injection sHt and a compacted soil layer was formed over the tracer band during a second 
ram pass. The cone wheel was removed, the ram retracted, and a covering disk was 
attached. The ram was extended a third time, forming the surface dome and completing 
the LCD application. Typical LCD injector operation consists of a singe pass, with 
injection, soil compaction, and dome forming occurring simultaneously. 
The broadcast treatment was applied using a hand operated spray gun equipped 
with a flat fan nozzle. The tracer was supplied to the nozzle using the compressed CO, 
tank that was used in the other application treatments. 
Simulated rainfall was produced by a three-nozzle, single-boom sprayer. The flat 
fan nozzles were positioned 2.8 m above the soil surface, and the combination of the 
height and operating pressure (0.055 MPa) produced droplets and velocities to simulate 
those of natural rainfall. A timer-controlled disk rotated the boom with nozzles to sweep 
the water spray across the lysimeters. The time interval between sweeps was adjusted to 
achieve the desired rainfall intensity rates. When the boom was not directed onto the 
lysimeters, spray was collected into troughs and returned to the water supply tank. Three 
days after chemical applications all lysimeters received 50 mm simulated rain at 50 mm 
h"'". A rain of this magnimde occurs approximately one in every five years in Iowa. 
Although the probability of such a storm occurring so soon after chemical application is 
small, it is not impossible. Schuman et ai.. (1975) reported that up to 75% of total nitrate 
leaching occurring in one year of a three year Iowa field smdy. Thus, the initial rain 
intensity was chosen to reflect conditions where leaching loss was most likely. 
Lysimeters were randomly assigned to two rainfall treatments: 1) low-intensity 
rainfall, and 2) high-intensity rainfall, with four lysimeters in each rainfall treatment-
Except for the initial simulated rainfall and one simulated rainfall of 19 mm over 1 h. the 
low-intensity rainfall treatment received natural rainfall. All natural rainfall intensities 
were less than 20 mm h"' for the duration of the season (see Table 1). Plastic tarpaulins 
were periodically used to cover the lysimeters to limit natural rainfall in accordance with 
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Table 1. Rainfall intensity of rains within the first 75 d. 
Intensity 
Low-
intensity 
treatment 
No. of storms Type'' 
High-
intensity 
treatment 
No. of storms Type 
(mm h"') 
25 
20 
15 
10 
0 
>50 
- 40 
- 25 
- 20 
- 15 
- 10 
(day 3) 1 
0 
0 
2 
1 
2 
15 
N 
S 
N 
N 
J 
0 
2 
0 
14 
S 
S 
N 
N 
= Simulated rainfall, N = natural rainfall the low-intensity rainfall treatment 
objectives, namely, frequent rainfall but small quantities of water in each event. The 
high-intensity rainfall treatment was to receive less frequent rainfall, but included more 
intense storms. Originally, the high-intensity rainfall treatment was to receive multiple 
simulated rains that exceeded 50 mm h"'. This rain intensity was not possible because a 
crust formed on the soil surface and the water infiltration rate was reduced compared with 
the start of the experiment. Instead of the desired 50 mm h"' rain intensity, three 
simulated rain applications were made with intensities of 25, 27, and 36 mm h"' (Table 1). 
Tarpaulins were also used to cover the high-intensity rainfall treatment lysimeters to 
maintam total water accumulation similar to that of the low-intensity rainfall treatment. 
When the tarpaulins were used, they were placed over the lysimeters several hours prior to 
the expected natural rain and removed when the rain ended. 
Water samples for benzoic acid analysis were collected I) immediately after the 
initial simulated rain, 2) every 6 h for 24 h after the simulated rainfall, 3) and every day 
for three days, 4) then every 1 to 15 days depending on rainfall throughout the rest of the 
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season (1995). During 1996, no tracers were applied to the surface, the soil was not 
disturbed, but water samples were collected once or twice a month. At each sampling, the 
subsurface drain tube in each lysimeter was pumped dry. the volume was determined in 
the field, and a subsample collected for analysis. The sampling schedule was sufficient to 
prevent significant fluctuation of the saturated soil thickness at the bottom of the 
lysimeter. 
Benzoic acid concentrations were determined on each water sample collected using 
a high performance liquid chromatography (HPLC) system using methods described in 
Bowman (1984). Anion concentration was determined by comparing the peak area of a 
chromatogram for a sample with the associated response of a series of calibration 
solutions. Individual benzoic acid mass leached was calculated multiplying the 
concentration of the drain water sample by the total volume prraiped from the lysimeter 
when the sample was collected. Mass fraction leached was computed from the mass 
recovered in the drain water and the mass apphed at the beginning of the experiment. 
The cumulative mass fraction that leached to subsurface drains was interpolated for 
specific cumulative drainage amounts, an ANOVA model was used to calculate standard 
error for each cumulative drainage amount and student" s-T tests were used to calculate 
significant differences between treatments at the 0.05 probability level. 
RESULTS AND DISCUSSION 
During the initial simulated rainfall, water was applied at an intensity of 50 mm 
h"' for 1 h. Despite this high intensity, the soils were sufficiently permeable to allow 
nearly immediate infiltration of all the water added to each lysimeter for the duration of 
the rain. Water that did not immediately infiltrate collected in surface depressions created 
during tracer injection and infiltrated there. These depressions were the knife injection slit 
from the conventional knife applicator and the covering disk furrow from the LCD 
applicator. Metal borders surroimding the lysimeters prevented runoff from the lysimeters 
and runon from surrounding soils. Surface crusting resulted from this first simulated rain, 
and soil conditions for subsequent simulated rain events required reduced intensities (<40 
mm h ', see Table 1) to prevent significant surface water accumulation. Although some 
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Fig. 3. Cumulative rainfall on the high- and low-intensity rain treatments. Time = 0 
was the day when the tracers were applied. The first simulated rainfall 
occurred on day 3. 
surface water accumulation was tolerated, a completely submerged soil surface was not 
acceptable because of the potential for surface water to enter the subsurface drain 
standpipe and contaminate the drain water. A result of reducing the simulated rain 
intensities was that the differences between the rainfall treatments were not as large as 
originally desired. 
The simulated rain and natural rain accumulations are shown for the high-intensity 
and low-intensity rainfall treatments in Fig. 3 (H = high-intensity treatment lysimeters 
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received simulated rain. L = low-intensity treatment lysimeters received simulated rain). 
Excluding the initial 50 mm simulated rain event on day 3. the rainfall intensity treatments 
generally approximate the historical average accumulation of rainfall for the season. Note 
that, especially early in the season, the high-intensity rainfall treatment generally has 
longer periods between rains, greater rainfall amounts during individual events, and more 
rains in which the intensity exceeded 25 mm h"' (Fig. 3 and Table 1). Simulated storms 
were applied three times (not including the initial simulated rain) to the high-intensity 
treatment during the season, each exceeding 25 mm h"'. Although simulated rain was also 
applied to the low-intensity treatment, there were no storms that exceeded 20 mm h"' other 
than the initial rainfall. 
Chemicals originating from conventional knife, broadcast, and LCD applications 
were detected in the drain water at the cessation of the initial simulated rainfall in seven 
of the eight lysimeters. Clearly, macropore or bypass flow occurred during the simulated 
rain. Chemical breakthrough to the subsurface drain mbe appeared to be mostly a 
function of the variability between lysimeters. and application method seemed to have 
little influence on the early breakthrough of the chemicals (Fig. 4. A. B. C, and D. 
received the high-intensity rainfall treatment; E. F. G. H. and I received the low-intensity 
rainfall treatment). One lysimeter had high concentrations of all tracers at the cessation of 
simulated rainfall. For this lysimeter. the LCD applied tracer concentration was highest at 
18 mg L ', the broadcast applied tracer was 14 mg L ', and the conventional knife applied 
tracer was lowest at 13 mg L"'. Such immediate and large concentrations were surprising. 
Because only one lysimeter showed this type of breakthrough, these data may be suspect, 
but the reason for such breakthrough was not apparent. The drainage water of all 
lysimeters had measurable concentrations of the apphed chemicals as soon as 6 h after the 
initial rainfall, regardless of application method. After the initial breakthrough of the 
chemicals, concentrations in the drainage water decreased rapidly to less than 3.0 mg L"' 
after 2 d. 
Drainage volumes were small during most of the siunmer and fall of 1995 because 
evaporative demand was large. Approximately 100 mm of drainage occurred between 
early July (when tracers were applied) and early November. The LCD and broadcast 
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tracer concentrations in the drainage water were generally less than 5 mg L ' during this 
time. But some knife tracer concentrations were frequently between 5 and 10 mg L"' and 
occasionally exceeded 10 mg L"' in four of the lysimeters. Tracer mass fraction leached 
during the first five months (July through November) was computed for each application 
method and is shown in Fig. 5 (Application rates were 63 kg ha"'. Error bars are ± one 
standard error, and are not shown on the broadcast points for clarity. * Indicates statistical 
difference between the Knife and LCD treatment at the 0.05 probability- level). ECnife-
injected tracer moved to the drains faster than the broadcast chemicals in both high- and 
low-intensity rainfall treatments. The slit resulting from the knife injection allowed the 
preferential movement of water through the zone of injected chemicals (Ressler et al.. 
1997, Chapter 3. this volume; Clay et al.. 1994) and thus increased the amount leached 
compared with the broadcast chemicals. The LCD-injected chemicals, however, showed 
significantly less leaching compared with the conventional knife-injected chemicals. 
Differences in leaching behavior for the three application methods, in addition to the 
differences in the physical properties of the soil surroxmding knife- and LCD-injected 
chemicals (see Ressler et al., 1997. Chapter 3, this volume), suggested that soil alteration 
of the injection zone played a role in the leaching of solutes through the soil in the 1.37 m 
deep lysimeters. .A.pparently, the mass fraction leached was reduced by diverting water 
around an injected chemical band by closing the knife slit with a compacted soil layer and 
a surface dome and by closing macropores at the bottom of the knife slit. 
Chemical leaching from the original tracer applications was monitored during a 
second year (1996). although no additional tracers were applied and no differences in 
precipitation intensity between the two rainfall treatments were imposed. Quantitative 
measures of the conventional knife and LCD surfaces were not made during the 
experiment, but soil settling reduced the depth of the knife slit and the height of the LCD 
surface dome. During the second year of the experiment, the soil surfaces were essentially 
level. In addition, chemical redistribution and soil alteration likely occurred because of 
freezing during winter. Figure 6 shows diat during the second monitoring year there was 
still a treatment effect; the knife-injected and broadcast tracers continued to leach faster 
than the LCD-injected chemicals (Application rates were 63 kg ha"'. Error bars are ± one 
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standard error, and are not shown on the broadcast points for clarity. * Indicates 
statistical difference between the Knife and LCD treatment at the 0.05 probability level). 
Lysimeters that received the high-intensity rainfall treatment during the first year 
continued to show reduced leaching of LCD-injected tracers compared with broadcast or 
knife-injected tracers. The low-intensity rainfall treatment lysimeters had smaller values 
of leaching than the high-intensity rainfall treatment lysimeters, but these differences were 
small. For both rainfall intensity treatments, conventional knife-injected and broadcast 
tracers continued to leach faster than LCD-injected tracers. Averaging both rainfall 
intensity treatments, at 100 mm cumulative drainage, the LCD-injected tracer loss to the 
subsurface drainage mbes was only one-fourth as much as conventional knife-injected 
tracer loss (1.25% vs 5% of original mass). At 200 mm cumulative drainage, LCD-
injected tracer loss was approximately one-half of the conventional knife-injected tracer 
loss (12% vs 25% of original mass). The LCD-injected tracer loss was also lower than 
broadcast tracer loss, although the differences were not as pronoimced as the differences 
between LCD injection and conventional knife injection. The LCD injection reduced 
leaching by about one-third compared with broadcast application at both 100 mm and 200 
mm cumulative drainage. 
The effect of rainfall intensity was most pronounced early in the experiment, 
between 0 and 40 mm drainage. Intense rains, with large volumes of water during 
individual storms, showed treatment differences soon after the experiment began. In 
addition, the physical condition of the LCD surface was intact early in the experiment but 
degraded over time. Tracers applied using the conventional knife-injector lost the greatest 
mass to the drain for each cumulative drainage value compared with the broadcast tracers, 
with the LCD-injected tracers losing the least mass (Fig. 5a). This relative order 
continued for the duration of the experiment (Fig. 5a and 6a). Under low-intensity rainfall 
conditions (Fig. 5b), the conventional knife-injected tracer curve increases compared with 
the broadcast and the LCD leaching curves, which are identical for the first 40 mm of 
cumulative drainage for the experiment. These early data suggested that LCD injection 
was more effective at reducing leaching compared with broadcast application only under 
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intense rainfall conditions, i.e., when the risk of leaching is greatest, LCD application has 
the greatest potential to reduce leaching losses. 
These results indicate, by direct measurement of leaching loss, that LCD 
application can reduce the leaching of injected, anionic chemicals through the soil profile 
when intense rains occur soon after chemical application. These results are consistent with 
the findings of fCiuchi et al. (1996) and Baker et al. (1997) who suggested that soils can 
be compacted in a local zone as a management system to reduce leaching of injected 
chemicals like N. The LCD applicator, however, uses additional strategies in addition to 
compacted soil to achieve reduced water flow through injected bands. Ressler et al. 
(1997, Chapter 3, this volume) described the physical properties of soils around the LCD-
injected band and showed that water movement through this band was reduced compared 
with a conventional knife-injected band. Because knife injection of fertilizer N is a 
common practice, widespread adoption of LCD injection techniques has the potential to 
significantly reduce NO3 leaching losses from row crop production. 
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CHAPTER 6. GENERAL CONCLUSIONS 
The use of compacted soil as a barrier to water flow and reduced chemical 
movement was demonstrated. A fertilizer injector was designed to form compacted soil 
layers over injected fertilizer bands, disrupt macropores and form a surface dome over the 
fertilizer band. Measurements of soil physical properties including penetration resistance, 
bulk density, and infiltration rate were made and suggested that water movement was 
restricted in the LCD injected band compared to the conventional knife injected band. 
Measurements of solute redistribution during com growing seasons were measured, and 
when rainfall quantities were above historical averages, solutes leached deeper in 
conventional knife soil profiles than LCD soil profiles. Also during wet years, com grain 
yield was increased when N fertilizer was applied by the LCD applicator compared with 
the conventional knife applicator. The LCD applicator also significantiy reduced solute 
leaching to tile drains in lysimeters compared with the conventional knife applicator. The 
results of these experiments provide sound evidence that the alteration of soil physical 
properties at the time of chemical application can result in reduced leaching and improved 
grain yields during wet years. These findings suggested that growers could justify-
modifying their fertilizer application practices to achieve both environmental benefits of 
reduced fertilizer loss from fields and enhanced economic benefits of improved yields 
when NO3-N leaching is significant during seasons with abundant precipitation. 
Recommendations for Additional Researcii 
1. Three mechanisms for reducing leaching are employed by the LCD fertilizer 
applicator: I) disrupted macropores; 2) compacted soil layers; and 3) a surface dome to 
cover the knife slit and band. An obvious question exists about which mechanism is 
most effective for reducing leaching. .A smdy of individual components, as created by 
the machine, ought to be investigated either in the field or in a rainfall simulator. Dye 
tracing may be appropriate for this analysis. Numerical modeling would be beneficial 
assuming appropriate surface water partitioning is employed (i.e., water can run off the 
dome and into the furrow under some, but not all, precipitation rates). 
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2. Modifications to the components of the LCD application may be useful. To create 
more unifonn and complete macropore disruption, spoked wheels (e.g., from a rotary 
hoe or something similar) that precede the icnife to loosen the soil may be beneficial. 
A greater smearing effect may be obtained by angling the smearing shoe (front 
elevated) to compact soil prior to fertilizer injection. 
3.The chemical and physical interactions of soil and anhydrous ammonia (NH3, a cation 
applied in gaseous form) are somewhat different than nitrate (NO3, an anion applied in 
solution). Since NH- is the most commonly used N form used in Iowa, field tests with 
the LCD applicator using NH3 for either spring, mid-season, or fall application would 
provide valuable information with respect to the effectiveness and applicability of the 
LCD applicator to Iowa cropping systems. 
4. Compacted soil, domes and disrupted macropores may be useful mechanisms to 
employ in a manure applicator. The liquid volume typically associated with maniure 
injection would require additional design considerations and additional performance 
testing. 
5. Determination of the power requirements for the LCD applicator would be useful. 
6. Ail the performance tests were conducted on one soil type. Additional sites, with a 
range of soil textures and organic matter contents, should be selected and used for 
additional performance appraisals. 
7. A numerical evaluation of various ridge shapes, compacted zone shape, density, and 
orientation, soil types, and rainfall patterns may lead to an increased understanding of 
importance of these factors on the overall leaching of banded solutes. 
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